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Quantifying effectiveness of soil management practices on surface and 
subsurface water quality at the field scale is becoming increasingly important in the 
Lake Champlain Basin and other agricultural watersheds.  During 2012 and 2013, field 
plots (22.9 x 45.7 m) were established at the Lake Alice Wildlife Area in Chazy, NY to 
begin a long-term water quality monitoring study.  Plots were established in a cool 
season grass field (1 ha) leased and managed by the William H. Miner Agricultural 
Research Institute in Chazy, NY.  The soil type transitions from an excessively drained 
outwash soil on the upslope to a very poorly drained silty clay series at the toeslope. 
Tile drainage lines were installed in each plot and drained to concrete manholes at the 
corner of each plot where water was sampled and measured.  Plots were randomly 
assigned to a tile-drained (TD) or naturally-drained treatment (UD).  Tile outlets were 
plugged in the UD treatment to enable natural drainage conditions.  Surface runoff 
water was collected at the lower boundary of each plot by shallow PVC-lined trenches 
that outlet to the manholes.  Continuous water flow from each hydrologic pathway was 
measured in 5-gallon buckets with v-notch weirs and pressure transducers.  Total 
phosphorus (TP), soluble reactive phosphorus SRP), unreactive phosphorus (UP) and 
sediment (TSS) loads were estimated by multiplying the mean hourly runoff volume by 
the respective sample concentration for each hydrologic pathway. 
 
Data were collected April 21, 2014 through June 30, 2015.  Loading rates were 
unable to be calculated from February 22, 2015 through April 9, 2015 due to 
freeze/thaw cycles preventing accurate water flow data collection.  Event-based loading 
for TP, SRP, UP, TSS, and water yield were calculated in addition to cumulative losses 
over the study duration.  No significant differences in cumulative TP exports were 
found between treatments (UD = 230.9 g ha
-1
; TD = 233.9 g ha
-1
).  Approximately 55% 
more SRP and 158% more TSS was exported by UD (130.8 g ha
-1
; 168.8 kg ha
-1
) than 
TD (84.2 g ha
-1
; 65.5 kg ha
-1
).  Unreactive P exports from TD (149.7 g ha
-1
) were 50% 
greater than UD (100.1 g ha
-1
).  Two runoff events dominated the treatment response.  
An intense rain storm on May 16, 2014 generated the greatest sediment losses in both 
treatments during an individual event, contributing 65 and 67% of the cumulative losses 
from TD and UD, respectively.  This event was also responsible for 40% of UP losses 
from TD.  A 3 d rain/snowmelt event beginning on December 24, 2014 resulted in 61 
and 84% of all SRP losses for TD and UD, respectively.  The results of this study 
indicate that tile drainage may not have a negative impact on water quality relative to a 
naturally drained field.  However, additional years of data are needed to develop more 
robust conclusions as different management strategies and weather conditions could 
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 CHAPTER 1: COMPREHENSIVE LITERATURE REVIEW 
1.1. Agriculture and Eutrophication 
1.1.1. Nonpoint Source Pollution 
With the passage of the Clean Water Act in 1972, the regulation of point 
sources of pollution (e.g., wastewater treatment effluent) reduced their contribution to 
the pollutant loads entering surface waters to acceptable levels.  As these easily 
identifiable sources have invested in infrastructure improvements and come into 
compliance, the focus has shifted to the more difficult problem of identifying and 
managing non-point source pollution (Sharpley, 1994).  Agricultural pollutants in 
runoff are considered nonpoint sources due to their spatial and temporal variability and 
are more difficult to mitigate than point sources because of their abundance (Myers et 
al., 1985). Approximately 64% of surveyed lakes and 36% of surveyed rivers in the US 
are considered impaired with excessive nutrients cited as the cause of impairment 19% 
and 16% of the time, respectively.  Agricultural runoff was listed as the main nonpoint 
pollutant source in 16% of impaired lakes and 38% of impaired streams (U.S. EPA, 
2009). 
Nonpoint source pollution is a major contributor to the eutrophication and 
degradation of natural aquatic ecosystems (Chapman et al., 1998; Sharpley et al., 2001; 
Sims et al., 1998; Withers et al., 2011).  These sources include urban runoff from 
impermeable surfaces (e.g., roads, parking lots), septic tank failures, and construction 
activities, among others (Smith et al., 1999).  Although eutrophication is a natural 
process in the aging of ecosystems, Brady and Weil (2008) differentiate this natural 
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accumulation of nutrients over centuries (natural eutrophication), from cultural 
eutrophication, the excessive input of nutrients due to human activities.  In freshwater 
systems, phosphorus (P) often limits the elevated rates of primary production associated 
with eutrophic environments (Foy, 2005). 
1.1.2. Freshwater Eutrophication 
Following 37 years of experimentation on a small lake in Ontario, Canada, 
Schindler et al. (2008) observed that algal biomass and P inputs remained proportional, 
regardless of nitrogen (N) concentrations.  Although nitrogen and carbon are also 
essential to freshwater ecosystems, their chemical properties allow for transfer from the 
atmosphere, which makes them more difficult to control relative to P (Daniel et al., 
1998).  Nitrogen can be a limiting nutrient for some algae, but many forms are able to 
fix nitrogen from the atmosphere and are not limited by concentrations in the water.  
Schindler (1977) found that if nitrogen is limiting, the algal populations can shift to 
those that can fix atmospheric nitrogen.  Conversely, P additions from the atmosphere 




.  Therefore, 
land use and management factors are largely responsible for P imports to aquatic 
systems (Brady and Weil, 2008; Correll, 1998). 
When systems become eutrophic, increased nutrient concentrations allow for an 
increase in the biomass that can be supported.  This increase in biomass is largely due 
to an increase in phytoplankton populations.  Upon death, phytoplankton sink to the 
lake bottom, decompose and create biological oxygen demand that can cause hypoxia 
(Foy, 2005).  Hypoxic conditions occur when dissolved oxygen concentrations decline 
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below levels which can sustain the biota in an ecosystem.  In healthy systems, the level 
of dissolved oxygen is 10-12 mg L
-1
, whereas most effects associated with hypoxia can 
be observed when levels are < 2 mg L
-1
 (Pierzynski et al., 2005a).  When the water 
overlying the lake bed becomes anaerobic, P can be released from redox-sensitive lake 
sediments (e.g., Fe, Mn oxides), which leads to further enrichment (Smith et al., 2011). 
Hypoxia can result in fish kills and shifts in the biodiversity and species 
composition at all trophic levels (Correll, 1998).  A major consequence of the 
disruption of the food web in freshwater lakes is the development of cyanobacteria 
(blue-green algae) or other harmful and nuisance algae blooms (HNABs).  HNABs can 
thrive in these affected lakes in which there are few natural predators to limit 
population growth (Smith et al., 1999). In addition to being undesirable for recreation, 
these blooms can also produce powerful toxins (e.g., microcystins, anatoxin-a, 
saxitoxins) that are not only harmful to aquatic biota but also to humans and other 
animals that may come into contact with or ingest the contaminated water (Codd, 
2000).  This is of particular concern when the water body is an important source of 
drinking water as in the case of Lake Champlain, from which 20 million gallons are 
pumped daily to provide 180,000 people with public drinking water (Smeltzer and 
Quinn, 1996).   There are no documented cases in Vermont of human illness related to 
these toxins, though the deaths of two dogs in 1999 and 2000 were attributed to 





1.1.3. Eutrophication in Lake Champlain 
Eutrophication in Lake Champlain has been a concern since 1979 with P 
concentrations identified as the major cause (Beaman, 1983).  Despite continuous 
efforts in the intervening years to control non-point source pollution, conditions in the 
lake have continued to deteriorate.  Since wide-scale monitoring of the lake began in 
1990, P concentrations have not decreased significantly in any portion of the lake, with 
some areas continuing to increase.  These increases have occurred even as the P loads 
of tributaries entering the lake have decreased (Smeltzer et al., 2009).  The most 
affected areas of the lake have been in shallow, warm bays.  A number of these shallow 
bays have tributaries that flow through agricultural landscapes and are therefore 
vulnerable to agricultural pollutants (Smeltzer et al., 2012).  Of the total P entering 
Lake Champlain, 38% is estimated to be from agricultural runoff (LCBP, 2015).  
Further complicating the recovery efforts is the ratio of Lake Champlain’s watershed to 
the total surface area of the lake.  Whereas the Great Lakes have ratios between 1.5:1 
and 3.4:1, the ratio for Lake Champlain is 18:1 (LCBP, 2015).  Therefore, the impacts 
of land use and management are even greater due to the larger land base and greater 
number of nonpoint pollution sources.   
1.1.4. Risk Management 
Elevated nutrient concentrations in agricultural runoff are a result of the 
application of animal manure and/or commercial fertilizers to agricultural fields and the 
hydrologic connectivity of fields to surface waters (Sims et al., 1998).  Managing P 
losses from crop fields remains a challenge because reported concentrations critical for 
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the control of freshwater eutrophication are just 20-30 µg P L
-1
 (measured as soluble 
reactive P, i.e., orthophosphate), while soil solution P concentrations of 200-300 µg P 
L
-1
 are required for crop growth (Heathwaite and Dils, 2000).  Additionally, P is tightly 
bound to soil particles and insoluble under most conditions.  Therefore, when farmers 
apply P (manure or inorganic fertilizers) to fields, only about 10-15% may be available 
for crop uptake after fixation by the soil, depending on soil pH and P concentration 
(Brady and Weil, 2008).   
Many farms import grains to supplement rations that can lead to greater 
quantities of P remaining on the farm.  Sharpley et al. (2001) estimated that more than 
two-thirds of the grain produced in the U.S. is exported off of the farm.  Anderson and 
Magdoff (2000) estimated that feed sources account for 65% of P imported onto dairy 
farms in Vermont and 57% of total P imported remains on the farm.  Approximately 
40% of dietary P is utilized by dairy cattle (Arriaga et al., 2009) with the remainder 
excreted. Repeated manure applications can result in high soil P concentrations as more 
P is applied than removed by cropping.  These factors often result in the over-
application of P year after year, until inputs finally exceed the soil fixation capacity 
(Sharpley et al., 2013).   
Applying P in excess of crop requirements promotes the buildup of plant-
available P, which can then be exported to surface waters during rain and/or snowmelt 
events (Sims et al., 2000).  As a result, even when additional inputs are limited, 
substantial export of nutrients from these excessively fertilized soils can still occur 
(Sharpley et al., 2013; Liu et al., 2015).  However, there are many interrelated factors 
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involved in the fate of these applied resources, such as the location, timing, rate, and 
method of application that ultimately determine whether they will remain in the field or 
lost in runoff (Sharpley et al., 1994; King et al., 2015a).  The risks of P transfer from 
crop fields to waterways must be negotiated due to its role in animal and crop 
production (Sharpley, 1994). With modern agriculture’s reliance on input-intensive 
cropping systems and under increasingly extreme climatic conditions, maintaining the 
integrity of our freshwater ecosystems is a challenge that requires combining best 
nutrient management practices with a comprehensive understanding of the interactions 
among soil properties and hydrologic factors. 
 
1.2. Phosphorus in Soils 
1.2.1. Phosphorus Cycle 
Phosphorus is an essential element for life and only nitrogen has a greater 
impact on the productivity and health of ecosystems (Brady and Weil, 2008).  
Phosphorus is an essential component of deoxyribonucleic acid (DNA) and ribonucleic 
acid (RNA).  It is also necessary for most biochemical processes as it is a critical 
component of adenosine triphosphate (ATP), the molecule responsible for many 
cellular processes including energy transfer in respiration and photosynthesis.  Despite 
this critical role in the biosphere, P is relatively scarce.  On a mass basis, it is only the 
eleventh and thirteenth most abundant element in terrestrial and aquatic ecosystems, 
respectively (Smil, 2000). 
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  The amount and forms of P naturally present in soils is the result of complex 
interactions dependent on parent material, texture, weathering, and biological processes 
(Tiessen et al., 1984; Young et al., 2012).  Total P (TP) concentrations range from 50-
3000 mg kg
-1
, often with less than 1% available for biological uptake.  The remainder 
of the soil P is insoluble and unavailable for uptake (Pierzynski, 2005; Frossard et al., 
2005). The chasm between soil total P (TP) concentrations and plant-available P has 
promoted the development of agronomic soil tests for P (STP).  These tests are 
intended to reflect the bioavailable P in the soil and account for regional soil 
differences.  This relative scarcity of plant-available soil P in the natural environment is 
reflected in the necessity for fertilization in order to maximize economic returns for 
crop production, for which greater nutrient inputs are required to offset crop removal 
rates than native forests or grasslands (Tilman et al., 2002; Brady and Weil, 2008). 
 
Figure 1.1: The soil phosphorus cycle. Physical, chemical and biological factors involved in P 
transport and availability (Pierzynski et al., 2005b). 
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The different fractions of soil P can broadly be categorized into organic and 
inorganic forms and by their solubility.  Soluble reactive P (SRP) in the soil solution is 
bioavailable and is mainly orthophosphate.  Unreactive dissolved P is primarily organic 
P (DOP) and unavailable until mineralized to orthophosphate via bacterial oxidation 
and/or hydrolyzed to orthophosphate by phosphatases (Wang et al., 2007). Total 
dissolved P (TDP) is a combination of inorganic and organic P available after filtration 
(<0.45 µm) and digestion.  Particulate P (PP) can be organic or inorganic and 
represents the fraction that is insoluble and bound to solid particles.  Total P represents 
the combined quantities of each of these fractions (Haygarth and Sharpley, 2000).  The 
relative amount in soils can vary greatly, with organic forms typically representing 30-
65% of total P in mineral soils depending on native soil fertility, climate, and land use 
and management factors (Condron et al., 2005).  Organic soils (>20-30% organic 
matter by weight) may contain up to 90% organic P (Sims and Pierzynski, 2005).  
However, if drained for production, soil P can rapidly mineralize and be lost via 
leaching processes due to the absence of a sufficient mineral substrate to bind and 
retain the newly available P (McDowell and Monaghan, 2015).  McDowell and 
Monaghan (2015) observed P movement in an organic soil converted to pasture with a 
mixture of swede and kale.  Eighty-nine percent of applied P (87 kg P ha
-1
) leached to 
35 cm depth in the soil profile with evidence of leaching observed in soil samples taken 
at a depth of 100 cm.  Total P content, soil pH, organic C content, and sampling depth 
were identified as the most important soil characteristics for predicting organic P 
content in a review of the literature by Harrison (1987). 
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Pierzynski et al. (2005a) define organic P as P bonded in some way with carbon 
(C).  Organic P is derived from the biological accumulation of inorganic P.  Plants and 
microorganisms in the soil take up orthophosphate which is then bonded to C via 
phosphorylation.  Plants consist of about 0.2-0.6% P on a dry matter basis (Pierzynski 
and Logan, 1993).  The microbial biomass can account for 2-5% of organic P in arable 
soils and up to 25% of organic P in grassland soils (Sims and Pierzynski, 2005).  The 
residues of these biological organisms are the source of soil organic P.  As 
microorganisms decompose these residues and the microorganisms themselves undergo 
decomposition, organic P compounds re-enter the soil P cycle with varying resistance 
to further transformations (Condron et al., 2005).  Mineralization rates of organic P in 




 (Brady and Weil, 2008; Frossard et al., 
2000).  When compared with crop removal rates of 39 and 34 kg P ha
-1
 for corn silage 
(assuming a wet yield of 67.2 Mg ha
-1
) and alfalfa (13.4 Mg ha
-1
) respectively, the need 
for supplemental P becomes apparent (Pierzynski and Logan, 1993).   
Soil organic P can be split into two broad groups defined by their susceptibility 
to decomposition, rendering them biologically available or unavailable (Sims and 
Pierzynski, 2005).  The humic acid fraction is highly stable and resistant to microbial 
activity.  The biologically active fraction can be further broken down to three major 
forms of organic P: inositol phosphates, nucleic acids, and phospholipids (Pierzynski et 
al., 2005a).  The inositol phosphates comprise the largest fraction of organic P in most 
soils, with estimates as high as 80% of the total organic P (Sims and Pierzynski, 2005).  
Their abundance is likely due to their ability to form strong associations with the 
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recalcitrant humic and fulvic acid fractions of organic matter (Turner et al., 2002).  
Nucleic acids and phospholipids can also be adsorbed by humic compounds and silicate 
clays.  However, these fractions combined likely make up only 1-2% of organic P 
(Brady and Weil, 2008).  Historically, organic P forms have received less attention in 
soil science and agronomic research than inorganic P, but recent advances in analytical 
techniques, such as nuclear magnetic resonance (NMR) spectroscopy, is improving our 
understanding of the nature and transformations of organic P in soils (Cade-Menun, 
2005). 
 
Figure 1.2: Effects of extent of soil development on soil P forms. From Sims and Pierzynski, 2005. 
Inorganic P can be classified into two groups; those bonded with calcium (Ca) 
and those bonded with iron (Fe) and aluminum (Al).  In mineral soils, the inorganic P 
fraction generally represents approximately 50-70% of the total P in the soil (Pierzynski 
et al., 2005b).  In most soils, P is derived from the weathering of primary minerals, 
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.  As 
soil genesis proceeds over time, Fe and Al phosphates (e.g., strengite, variscite) and P 
adsorbed to amorphous Fe and Al oxides become the dominant forms of P as illustrated 
in Figure 1.2 (Sims and Pierzynski, 2005).  Phosphorus originating from minerals and 
colloids is present in the soil solution as primary orthophosphate (PO4
3-





), depending on pH (Pierzynski et al., 
2005a).  These different forms are often collectively referred to as orthophosphate and 
will be for the remainder herein.  The factors controlling the availability and movement 
of these compounds, namely how moisture status and pH influence the forms and 
mobility of P, will be discussed in the following section. 
1.2.2. Phosphorus Solubility 
In order to be available for biological uptake, P must be present as 
orthophosphate (Sharpley et al., 2003).  As previously mentioned, often 1% or less of 
total P in the soil will be available in the soil solution for biological consumption 
(Pierzynski, 1991).  Therefore, it is essential in agronomic systems to understand the 
factors influencing P solubility to ensure adequate soil fertility, or in the case of 
excessively fertilized soils, to understand how practices may promote P retention.  The 
three dominant environmental controls on the solubility of P in soils are weathering, 
pH, and oxidation-reduction (redox) status (Frossard et al., 2000).  As Figure 1.2 
illustrates, soils in both early and late stages of pedogenesis have relatively small 
amounts of soluble P.  This is due to the resistance to weathering of apatite in primary 
minerals and the high affinity for the Fe and Al minerals or oxides in later stages to 
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react with orthophosphate.  Over time, these secondary reactions become increasingly 
stable as weathering processes remove Ca, Fe and Al minerals become dominant, and 
pH decreases, furthering the stability of Fe and Al complexes (Chacon, 2006; Olander, 
2005; Sims and Pierzynski, 2005).  The presence of organic matter can also increase P 
immobilization as Fe and Al are complexed within organic matter and provide a 
reactive surface for orthophosphate adsorption (Syers et al., 1973; Wang, 2007).    
The primary reactions that immobilize P in order of increasing stability and 
decreasing P availability are outer-sphere anion exchange, inner sphere surface 
reactions, binuclear bridge complexes, and precipitation.  Outer-sphere anion exchange 
reactions are charge dependent, weakly held by electrostatic forces, and tend to reflect 
the overall concentration of ions in solution.  These bonds will continue to react and 
penetrate the mineral surface (e.g., Fe or Al oxides) to form single and binuclear 
bridges, the latter of which is extremely stable (Frossard et al., 2000; Sollins et al., 
1988).  Precipitation reactions result in slightly soluble P-containing compounds as a 
result of the large amount of exposed surface area (Brady and Weil, 2008).   
As soils weather and Fe and Al complexes predominate, the forms and 
availability of P are strongly influenced by pH.  Most agricultural soils have a pH 




 are present in 
roughly equal concentrations, with the former increasing as pH rises and the latter as 
pH decreases (Pierzynski et al., 2005b). Plant-available soil P is maximized as pH 
approaches 7. As acidity increases in soils, the reactive surfaces become less negative 
as hydrogen ions (H
+
) accumulate.  The negatively charged orthophosphate ions in 
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solution form electrostatic bonds with the positively charged surfaces and if low pH 
conditions persist, progression to the stronger inner-sphere reactions will further limit P 
availability (Essington, 2004). 
University of Vermont soil fertility guidelines account for reactive aluminum on 
plant-available P in field crop recommendations (Jokela et al., 2004).  For example, a 
soil with a concentration of 2.5 mg Modified Morgan-P kg
-1
 (medium range of soil test 
P), will result in a nutrient application recommendation of 17 lb ac
-1
 when reactive Al 
measures 10 mg kg
-1
.  However, when reactive Al is 100 mg kg
-1
 and at the same soil 
test P level, the P recommendation increases to 30 lb/ac.  The reactivity of Al is 
strongly pH dependent and will not limit P availability when soils are limed within the 
optimum range of soil pH.  However, when soils drop below pH 5.5, the elevated 
concentrations of reactive Al available to complex with soil solution P can rapidly 
result in P deficiencies that cannot be overcome, even by supplying large quantities of 
additional P (Goldberg et al., 1996). 
The final important factor governing P solubility and availability is the redox 
status of the soil.  Redox reactions refer to the coupled reactions of oxidation and 
reduction in which the valence state of reacting elements are altered.  Oxidation 
reactions result in the loss of an electron from an element.  Reduction reactions are the 
complementary reaction in which an element or molecule gains an electron from the 
oxidized element (Essington, 2004).  Redox reactions are constantly occurring in soils 
because the completion of both pathways of biological respiration requires a terminal 
electron acceptor.  In aerobic respiration, the terminal electron acceptor is always 
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oxygen gas (O2).  When O2 levels are depleted and the soil becomes anaerobic, a new 
electron acceptor must be used.  Reducing conditions are established once the oxygen 
supply in the soil is consumed during saturated soil conditions and the slow diffusion of 
atmospheric O2 precludes aerobic respiration.  These conditions stimulate anaerobic 
microorganisms to begin respiring utilizing additional electron acceptors (Reddy et al., 
2005). Table 1.1 lists the elements in the relative order in which they become reduced 
and the ionic charge on the oxidized and reduced forms of each element. 
Table 1.1: Elements used in respiration. Elements are listed in order used as the environment 
changes from oxidized to reducing conditions. From Brady and Weil 2008. 
 
Redox reactions are important to P solubility due to the high affinity of the 
oxidized form of iron (Fe(III)) for orthophosphate.  As Table 1.1 indicates, Fe(III) will 
be utilized once the local supply of oxygen, nitrogen, and manganese have been 
reduced (Brady and Weil, 2008).  The change in valence status as Fe is reduced from 
Fe(III) to Fe(II) is important because Fe(II) is soluble and the Fe-containing compounds 
will solubilize.  Prolonged saturation in crop fields can result in reduced conditions that 
will mobilize P into the soil solution and be subject to leaching processes.  In a 
laboratory incubation study, Sallade and Sims (1997) flooded soil cores for 21 d and 
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measured P in soil solution.  Depending on the depth sampled, they observed three and 
four-fold increases of soluble P, with the greater solubilization rates occurring at 
greater depths where redox potential was lower.   
Phosphorus solubilization due to the reductive dissolution of Fe(III)-containing 
compounds is also an important biogeochemical for in-lake controls of eutrophication.  
If the water overlying lake-bottom sediments becomes anaerobic, the sediments can 
release additional P, further exacerbating the eutrophication status of the lake.  This 
was demonstrated by Smith et al. (2011), who observed that during a year (2008) in 
which algal blooms occurred in Lake Champlain, soluble P and cyanobacteria counts 
increased as lake conditions became more reduced.  However, in summer 2007, no 
algal blooms occurred and the water at the sediment-water interface never became 
anoxic.  In a laboratory microcosm study, Young and Ross (2001) observed that 
although porewater in flooded sediments became anoxic and 2-27 fold increases in 
porewater soluble P occurred, the overlying water remained aerobic.  Due to this redox 
interface, the overlying water only exhibited about a four-fold increase relative to pre-
flooding conditions.  The authors concluded that as the majority of solubilized P and 
Fe(II) that crossed the interface, Fe(II) reverted back to its oxidized state and 






1.3  Hydrologic Processes 
1.3.1. Soil Water Budget 
As evidenced by the previous discussion of redox reactions, the behavior of P is 
strongly influenced by the moisture status of the soil.  In addition to the influence of 
water on chemical reactions in soil, water movement strongly impacts the potential for 
P transport via soil erosion and subsurface drainage.  The affinity for P to be adsorbed 
to soil can result in large P export from fields during runoff and erosion events.   
The simplest description of a soil water budget is demonstrated by Equation 1.1.  
 Soil Water Flux = Precipitation – Evapotranspiration – Soil Storage           [Eq. 1.1]  
Equation 1.1 Basic calculation for a soil water budget. From Brady and Weil 2008. 
 
The total amount of potential discharge from a field is ultimately influenced by its 
climate and soil characteristics.  The effect of climate is reflected in the amount and 
distribution of rainfall and physical factors (e.g., temperature, humidity, solar radiation, 
wind) that influence evapotranspiration rates (Brady and Weil, 2008).  The quantity and 
intensity of the precipitation has a major impact on the soil water budget as it 
influences the type of runoff processes that will occur (Kirkby, 1988).  Up to 50% of 
water inputs may be lost to groundwater annually in humid regions (Brady and Weil, 
2008).  
Evapotranspiration (ET) is a term for the combined processes of evaporation of 
water to the atmosphere directly from the soil (and plant surfaces) and transpiration, the 
translocation of water from the soil for use and cooling before exiting the stomata to the 
atmosphere.  An estimated 12% of the earth’s precipitation returns to the atmosphere 
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via terrestrial ET (Eagleson, 1978).  Evapotranspiration calculations are made by 
comparing potential ET (PET) to actual ET (AET) (Brady and Weil, 2008).  Potential 
ET is the maximum rate at which water vapor will be lost if soil water content is not 
limiting and is based on crop type and climatic variables (solar radiation, temperature, 
relative humidity, cloud cover, and wind speed) that affect the vapor pressure gradient 
between the soil/vegetation and the atmosphere.  PET is typically calculated by 
applying a correction factor to the amount of water that will evaporate from a pan.  
Potential ET equals AET when the soil water content is not limiting.  When there is a 
soil moisture deficit, ET will be less than PET and dependent on the available soil 
water.  AET is impacted not only by climatic variables and soil moisture storage, but 
also on the type and growth stage of the plant (Allen et al., 1989; Penman, 1948). 
The amount of water retained by the soil or lost to runoff processes is largely 
dependent upon the relative proportion of sand, silt, and clay.  The texture of a soil 
partially imparts its porosity, the total volume in a soil not occupied by solid particles 
(Brady and Weil, 2008).  Although land use and management factors (e.g., tillage, 
compaction) influence porosity by impacting soil structure, some general assumptions 
can be made regarding the relationship between texture and porosity (Dexter, 1988; 
Pagliai et al., 2004).  Finer-textured soils have greater total porosity than coarser-
textured soils and have a greater soil water storage capacity.  However, the water 
content available to vegetation is not necessarily greater due to the inability of plants to 
remove water from the smallest pores.  The permanent wilting point is the water 
content of a soil below which plants cannot remove water and will fail to recover once 
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the soil is rewetted.  This results from the inability of most plants to create suction 
greater than the -1500 kPa required to remove the most tightly held water molecules 
(Brady and Weil 2008).  According to the USDA Agricultural Research Service Soil 
Water Characteristics Tool (v. 6.02.74), a clay soil (50% clay) will have 48.8% porosity 
by volume and a maximum of 1.45 in ft
-1
 of plant available water.  However, a silty 
clay loam (20% clay) will have very similar porosity, 48.2% by volume, but have 
roughly 50% more plant available water, for a total of 2.21 in ft
-1
. 
1.3.2. Runoff Processes 
There are various pathways precipitation can take upon reaching the land 
surface.  The type of pathway is determined by a variety of factors including rainfall 
intensity and duration, geographic setting, soil characteristics, and antecedent moisture 
conditions.  Dunne and Leopold (1978) identify and define the characteristics of the 
different storm runoff processes.  These processes are Hortonian overland flow, 
subsurface storm flow, return flow, and direct precipitation onto saturated areas. Direct 
precipitation onto saturated areas can occur regardless of the mechanism responsible 
for generating overland flow.  An awareness that these processes vary widely in both 
spatial and temporal domains has given rise to the concept of variable source area 
(VSA) hydrology (Needelman et al., 2004).  Under VSA hydrology, only a small 
percent of the landscape is responsible for producing storm flows.  When combined 
with P source areas, these locations are termed critical source areas (CSAs) because 




Hortonian overland flow occurs when the infiltration capacity of a soil is 
exceeded by the precipitation rate and water begins to accumulate on the surface.  
Overland flow will initiate if there is appropriate slope to conduct the water once the 
topographical irregularities of the land surface have filled with water (depression 
storage).  The volume of overland flow and its velocity increase as distance downslope 
increases and a greater area contributes to the flow (Kirkby, 1988).  Precipitation onto 
the sheet of overland flow also adds to the total volume of surface runoff.  Dunne and 
Leopold (1978) refer to this as direct precipitation onto saturated areas (DPS).  The 
energy of overland flow has the potential to move large amounts of topsoil (Kleinman 
et al., 2006).  Depending on the distance to a receiving water body, overland flow may 
runoff directly to surface water or accumulate in depressions at a lower elevation where 
it resides until the water table lowers, allowing it to infiltrate and be consumed by 
evapotranspiration processes (Dunne and Black, 1970b). 
A second type of overland flow is saturation excess overland flow.  This occurs 
when precipitation exceeds the storage capacity of the soil, often in downslope areas 
where there is a shorter distance to the water table and thus lower storage capacity.  
Saturation excess overland flow is termed return flow because it is subsurface water 
that returns to the surface where the water table rises above the ground level (Dunne, 
1983).  This can often occur near the base of slopes where horizontal subsurface flows 




In some cases, subsurface storm flows (i.e., subsurface flow that occurs in 
excess of normal baseflow conditions) may occur.  These flows tend to occur when a 
coarse-textured soil overlies an impermeable layer (Gburek and Sharpley, 1998).  An 
impermeable layer is defined as having less than 10% of the conductivity of the 
overlying layer (NRCS, 2001).  As a result of this resistance to vertical flow, the 
majority of subsurface flow will move downslope over the impermeable layer until it 
reaches a stream channel.  Subsurface storm flow is often at least 100 times slower than 
overland flow but can still dominate the storm hydrograph in many cases (Dunne and 
Black, 1970a).  Increased subsurface storm flow due to an impermeable layer can also 
impact the volume of saturation excess overland flow.  Gburek et al. (2006) observed 
about three times the surface runoff in a watershed with fragipan soils (compacted 
subsurface layer) compared to a similar nearby watershed that experienced nearly 
identical rainfall.   
Soil characteristics are an important factor in determining runoff processes.  As 
previously discussed, soils consisting of finer textured soils will generally have greater 
total porosity.  Soil texture is also related to the development of soil structure.  Dexter 
(1998) defines soil structure as “the spatial heterogeneity of the different components or 
properties of soil.”  Good soil structure (i.e., soil with a well-distributed range of stable, 
well-developed pore sizes) is influenced by the clay and organic matter properties that 
allow for the formation of stable aggregates (Dexter, 1998; Pagliai et al., 2004).  The 
large reactive surface area of organic matter and the products formed by biological 
activity act as glue to enhance soil structure (Bronick and Lal, 2005).  Soil aggregation 
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allows for large inter-aggregate pore spaces and facilitates rapid infiltration and 
drainage (Azooz and Arshad, 1996).   
Cultivated fields, particularly those planted with row crops, may suffer from 
poor infiltration rates (Burch et al., 1987; Needelman et al., 2004).  This is a 
consequence of the high disturbance of soil structure, low organic matter, and minimal 
rain interception rates due to low vegetative cover.  Tillage practices destroy the soil’s 
ability to form aggregates due to mechanical disruption (Pagliai et al., 2004) and 
increased rates of organic matter mineralization (Balesdent et al., 1990).  A corn field 
may only intercept 7% of total rainfall as compared with 43% under a maple and beech 
tree canopy (Haynes, 1954; Kittridge, 1948).  This increases the total amount of water 
volume available to generate runoff and exposes the soil surface to the high kinetic 
energy of raindrops.   The energy of the raindrops can lead to soil particle detachment, 
surface crusting and further reduction of infiltration (le Bissonnais, 1996).  The 
cumulative effects of soil particle detachment and erosive forces of the overland flow 
scouring the topsoil have the potential to erode large amounts of exposed soil (Young 
and Wiersma, 1973).  This situation results in both agronomic and environmental 
impacts as the fertile topsoil is lost for crop growth and is often deposited in an 
undesirable location, particularly if it is carried to surface waters (Sharpley et al., 
1992).  
An important factor in the development of soil structure is the formation of 
macropores.  Macropores are formed from the moisture dependent shrink/swell 
properties of clays and biopores created by root channels, earthworm burrows, and 
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other soil biota (Simard et al., 2000). They are often collectively referred to as 
preferential flow pathways as a means of differentiating the flow that occurs in these 
pores from the matrix flow (i.e., uniform flow through intra-aggregate pore spaces) that 
occurs in the majority of the soil profile (Simard et al., 2000).  Beven and Germann 
(1982) note that the pore diameter size that defines a macropore is arbitrary and many 
different definitions exist in the literature, with typical values ranging from 75 µm – 
3000 µm (Haygarth et al., 2000; Simard et al., 2000).  The main properties that 
differentiate macropores from the rest of the soil matrix is that these pores are large 
enough to have no significant capillary forces, are the first pores to empty during 
periods of flow, and are responsible for a disproportionate amount of flow relative to 
their volume (Beven and Germann, 1982; Simard et al., 2000).  Quantifying their extent 
and the amount of water that flows through these pathways is difficult and many studies 
have relied on the use of tracers to follow water movement.      
Finally, antecedent moisture conditions also influence hydrologic runoff 
pathways.  Less rainfall will be required to induce saturation excess overland flow 
when following a rain event that already raised the water table and reduced available 
soil moisture storage in the vadose zone (Skaggs, 1994; Gburek and Sharpley, 1998).  
Conversely, when a storm occurs with low antecedent moisture conditions in soils with 
shrink/swell clays, infiltration rates may be above normal as there are large preferential 
flow pathways open for rapid infiltration (Hardie et al., 2011) and increasing rates of 
subsurface storm flows versus overland flows (Kleinman et al., 2006). 
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Once the soil is saturated, the major factors controlling subsurface water 
movement are the hydraulic gradient and hydraulic conductivity.  The relationship 
between these variables is described by Darcy’s Law as seen in Equation 2. 
                                                 [Eq. 2] 
Equation 1.2 Darcy’s Law for describing water flux in a porous medium.  
 
This states that the volumetric flow rate per unit of saturated cross-sectional area (Q/A) 
is a function of the difference in hydraulic head (height of the water table) between two 
points (hydraulic gradient, ∆H/L) and the saturated hydraulic conductivity constant (Ks) 
of a given medium (Radcliffe and Simunek, 2010).  Saturated hydraulic conductivity is 
extremely variable and largely determined by soil texture, structure, and the existence 
of preferential flow pathways.  However, due to the variability of these factors in the 
field, ranges of Ks are given according to soil texture classes.  For example, the NRCS 
hydraulic conductivity classes list the range of Ks for a loamy sand to be 42.34-141.14 
µm s
-1
 versus 1.41-4.24 µm s
-1
 for a clay loam (NRCS, 2015).  
 In unsaturated soils, the Richard’s equation is generally used to estimate 
transient water fluxes under steady-state conditions.  Richard’s equation was developed 
to account for changes in soil moisture and matric potential (negative pressure due to 
empty pores) on water fluxes (Radcliffe and Simunek, 2010).  Numerical iterative 
methods are generally used to solve Richard’s equation and are computationally 
intensive (Pachepsky, 2003).  However, in field soils with high macroporosity and 
preferential flow pathways, the assumption of steady-state conditions may not be 
applicable much of the time. 
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1.4. Agricultural Drainage 
1.4.1. History and Status of Agricultural Drainage 
The practice of artificial water drainage for the benefit of agricultural production 
has a long history.  Herodotus wrote about drainage in Egypt in the 5
th
 century B.C. and 
Cato described drainage techniques necessary in Roman times around 160 B.C.  In the 
United States, much of the productive farmland in the Midwest was originally swamp.  
As the nation was in the midst of westward expansion in the 19
th
 century, the Swamp 
Land Acts of 1849 and 1850 were enacted by the federal government (Skaggs and van 
Schilfgaarde, 1999).  This legislation allowed the federal government to turn over 
wetlands to individual states, who in turn, could sell the land to settlers, as long as the 
proceeds were used for drainage.  These actions were motivated by the inhospitable 
conditions of the swamps where swarms of mosquitoes and associated diseases such as 
malaria thrived.  Drainage of these areas had the two-fold benefits of providing easier 
passage for westward migration and providing large amounts of highly productive land 
for agriculture (Skaggs et al., 1994). 
Skaggs et al. (1994) estimate that natural drainage processes are insufficient on 
about 25% of cropland in the United States and Canada.  For some states, estimates 
exceed 50%.  Agricultural drainage practices are generally classified as to whether they 
facilitate surface or subsurface drainage processes.  Surface drainage generally involves 
land grading and ditching to prevent depressional storage (Carter, 1999).  Subsurface 
drainage is dominated by artificial tile drainage and the two terms are often used 
interchangeably.  Currently, the term tile drainage is an anachronism due to 
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technological advances.  When the practice was first introduced, fired clay tiles, and 
later concrete tiles, were buried underground where they functioned as a conduit for the 
collection and transport of excess water in the field.  Presently, perforated corrugated 
PVC pipe is used in place of the clay tiles (Schwab and Fouss, 1999).  Many different 
options exist with regard to engineering tile drainage systems (i.e., depth of tiles, grade, 
lateral spacing) and are largely dependent on field conditions and desired drainage 
capacity (Madramootoo, 1999).  In the northeast, field tiles are typically 10 cm in 
diameter and connect to main lines ranging from 15 to 25 cm in diameter that typically 
drain to a ditch or directly to a stream. While the USDA minimum cover for subsurface 
tile drains is 0.61 m, many drainage installations target a depth of 1 m below the soil 
surface with a minimum grade of 0.1% (Madramootoo, 1999).  Lateral spacing between 
tiles in the northeast ranges from 7.6 m to 23 m. Most tile drainage today is installed by 
subsurface drainage machines that plow pipe directly into the soil at a given grade 
using laser leveling or GPS technology (Broughton and Fouss, 1999; Wright and Sands, 
2001).  
The first use of tile drainage is claimed by England in 1810 (Fraser and Fleming, 
2001).  John Johnston of Seneca, NY brought the technology with him from Scotland 
and the success it brought him soon popularized the practice in North America (Smith 
and Massey, 1987).  Skaggs et al. (1994) estimate that as of 1985, 45 million ha and 31 
million ha in the U.S. and Canada respectively, have been artificially drained.  They 
further estimate that of those 45 million ha in the U.S., 30 million ha have improved 
subsurface drainage.  These numbers have probably increased since then as 
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improvements in technology have simplified installation and made the practice even 
more economically sound.  However, difficulties in determining where these practices 
have been installed make estimation of their use challenging.  The effectiveness of 
geographic information systems and other technologies is currently being investigated 
(Sugg, 2007).   
The well-documented agronomic advantages of implementing drainage 
practices, particularly tile drainage, have resulted in the loss of about 50% of the 
wetlands in the United States (Skaggs and van Schilfgaarde, 1999).  Increased public 
awareness of the benefits of wetlands for water quality and wildlife purposes has 
resulted in a backlash against drainage practices as they are still commonly viewed as 
destructive to these ecosystems.  However, since the Swampbuster provisions in the 
1985 and 1990 Food Security Acts, the conversion of wetlands for agricultural 
production has been prohibited (Blann et al., 2009).  As Skaggs and van Schilfgaarde 
(1999) point out, the majority of subsurface installation now occurs in areas that have 





 century, a large percent of the land base used to produce our food 
would not be available.  The ever-increasing pressure placed on our resources by 
growing populations requires an objective and thorough assessment of the risks and 
benefits of the methods with which we produce our food supply. 
1.4.3. Benefits of Agricultural Drainage 
The agronomic benefits of improved drainage have been well documented in the 
literature.  Brady and Weil (2008) define the “ideal” soil as that consisting of 45% 
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minerals, 5% organic matter, 25% water, and 25% air.  Tile drainage aids in 
accelerating the rate at which gravitational water from precipitation and/or snowmelt 
events is removed from the profile and thus allows increased respiration and root 
growth of the vegetation (Fraser and Fleming, 2001).  Increased availability of oxygen 
has positive implications for both the biological community and the physical structure 
of the soil (Evans and Fausey, 1999; Fraser and Fleming, 2001).  Soil temperatures are 
directly related to the moisture content due to the high specific heat of water.  Soil 
temperatures should reach a minimum of 50° F prior to planting for healthy seed 
germination of many crops.   When soil temperatures are less than this critical point, 
the seed will absorb water but not germinate and the moisture levels will result in the 
seed rotting in the soil (Al-Darby and Lowery, 1986).  The risk of saturated soil 
conditions is not limited to germination, but persists especially during the early 
vegetative growth of crops.  Lal and Taylor (1969) observed significant losses in corn 
yield when plots were exposed to intermittent flooding periods as well as consistently 
shallow (15 and 30 cm) water tables.    
Improved drainage in heavy soils also allows for greater trafficability of fields.  
The use of heavy tractors and trucks on saturated soils results in soil compaction.  Soil 
compaction destroys the structure of the soil by decreasing pore sizes and disrupting the 
connectivity of pores.  Decreasing the porosity of the soil limits the vertical extent of 
root growth (Pagliai, 2004).  Therefore, even though water and nutrient levels should be 
adequate, the limited root growth diminishes the plant’s ability to scavenge available 
nutrients.  By increasing the removal rate of water in the spring, farmers are able to 
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work their fields earlier.  This extension of the growing season allows farmers to 
choose from a wider choice of crops and crop varieties as well as increasing yields at 
harvest.  Crop yield benefits seen in Table 1.2 demonstrate the potential yield benefits 
of maintaining high soil quality and longer growing seasons. 
Table 1.2: Crop yield increases following installation of tile drainage. From Colwell, 1978. 
 
 
1.4.3. Effects of Drainage on P Forms and Losses 
Installation of tile drainage substantially alters natural field hydrology, 
biogeochemical conditions and nutrient transport potential.  Faster infiltration rates due 
to greater soil water storage can reduce surface runoff by 34% (Bengtson et al., 1988), 
55% (Istok and Kling, 1983), and up to 100% in some cases (Macrae et al., 2007). 
Madison et al. (2014) found that subsurface drainage accounted for 66-96% of the total  
water yield from four sites with differing management.  Reviews of the literature found 
that not only is the pathway of drainage altered, but the total water yield from fields 
tends to increase with increases between 10-25% reported in the literature (Skaggs et 
al., 1994; King et al., 2015a). Tile drainage also increases the hydrologic connectivity 
of landscapes.  As a result, locations that previously were hydrologically isolated from 
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surface waters now have a direct, unfiltered connection.  This can increase the dispersal 
of nutrient loads as well as alter the hydrologic dynamics of the entire watershed 
(Schilling and Helmers, 2008).   
For many years, tile drainage was considered to be a conservation practice due 
to its role in the reduction of surface runoff and erosion (Skaggs and van Schilfgaarde, 
1999).  However, research has demonstrated that tile drainage increases nitrate-N 
export potential compared to undrained conditions (Dinnes et al., 2002).  More recent 
studies at the field and watershed scales show tile drains contribute to more P loss at the 
field scale than previously assumed (King et al., 2015; Smith et al., 2015).  Although P 
concentrations tend to be lower in subsurface runoff than in surface runoff, increased 
total water yield from tile drainage can result in similar loading rates (King et al., 
2014b).  Estimates of total P export from tiles range from 0.2 to 2.4 kg ha
-1
 (King et al., 
2015; Sharpley, 2000).  Although these losses reflect only a small percentage of the 
total P applied to agricultural fields, the Ohio Phosphorus Task Force estimates loads of 
0.6 to 1.1 kg ha
-1
 are sufficient to cause algal blooms in the western Lake Erie Basin 
(King et al., 2015a).           
Losses of P generated by overland flow processes tend to be dominated by 
particulate P (PP) due to the affinity of orthophosphate for soil particles (Sharpley et 
al., 2003).  Particulate P losses account for about 80% of P transported in overland flow 
from cultivated land (Sharpley et al., 1992).  Sediment losses can be particularly 
extreme during intense rainfalls if rill and gully erosion occur due to the lack of 
adequate vegetative cover and adequate soil organic matter to protect and anchor 
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cultivated soils (Gilliam et al., 1999; Haygarth and Jarvis, 1999).  Studies in Louisiana 
and Ohio conducted by Bengtson (1990) reported decreases of 42% and 36% in 
sediment export over 6 yr following the installation of tile drainage.   Dissolved P (DP) 
losses may occur during overland flow as well.  These losses are most likely to occur 
on P saturated soils and when rainfall events occur shortly following surface 
application of fertilizers such as liquid manure, which is high in soluble forms of P 
(King et al., 2015a).  Withers et al. (2003) noted that about 60% of the total P losses 
occurred within the first 7 d post-application.  
In general, P losses via subsurface pathways tend to occur in dissolved forms 
due to the inherent ability of the soil matrix to act as a filter for solid particles.  
However, limited levels of P reach the groundwater as a result of the high rates of P 
sorption by soil particles.  Most vertical movement of DP occurs in preferential flow 
pathways (Simard et al., 2000).  Although fine-textured soils have more reactive 
surfaces to bind P, their ability to preferential flow pathways prevents consistent 
correlations between P losses and texture.  Most of the subsurface transport of P to 
surface waters, including PP, occurs when these preferential flow paths deliver P 
directly to tile drains that bypass the soil matrix and limit P sorption (King et al., 
2015a).  Evidence of this ‘bypass flow’ can be seen in the hydrographs and 
chemographs of storm events wherein discharge and P concentration peaks in tile flow 
coincide strongly with the onset of precipitation, rather than having a more delayed 
response (Smith et al., 2015b).  The results of a three-year study showed 70% of total P 
losses in tile drainage were PP (Bottcher et al., 1981).  Vidon and Cuadra (2011) 
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determined macropore flow to be responsible for 43-50% of total P losses in tile 
drainage during large storms (>6 cm bulk precipitation) and 11-17% of total P losses in 
small storms (< 3 cm bulk precipitation). 
 
 
Figure 1.3: Stratification of STP (Mehlich-3) by depth in the soil profile. From Sharpley et al., 
2003. 
Elevated rates of DP losses in subsurface runoff may occur with long-term 
saturation following heavy rainfall if the water table remains elevated long enough to 
stimulate the reductive dissolution of Fe-phosphates (Pierzynski et al., 2005a). Soil P in 
agricultural fields tends to be highly stratified with depth due to tillage and fertilization 
(Penn et al., 2007; Sharpley et al., 2003). Higher P concentrations tend to reside in the 
tilled horizon (Ap) and strongly decrease with depth (Figure 1.3).  There is an even 
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smaller depth of enrichment when no-till practices are employed as soils are not 
annually turned over by plow. 
This stratification of P in the profile can present environmental risks as these P-
rich surface particles are preferentially eroded.  Sharpley (1980) refers to this as the P 
enrichment ratio and observed the process in a laboratory study with simulated rain.  
The ratio represents the relationship between the soil test P (STP) for a given location 
and the STP present in eroded sediment following runoff events.  The results also 
demonstrated that runoff events following nutrient applications results in an even larger 
ratio.  Enrichment ratios of a fine loam were determined to be 2.43 and 6.29 following 
P additions of 0 and 100 kg ha
-1
 respectively. 
In soils with minimal P sorption capacity (e.g., sands) and a long history of 
over-application of P, substantial downward movement can occur.  The P sorption 
capacity of a soil is an essential factor in determining the fate of applied P.  The degree 
of P saturation (DPS) is the ratio between the extractable P to the sum of extractable Fe 
and Al.  When soils have a high DPS, the risks of P losses due to desorption is elevated 
(Young and Ross, 2001).  Additionally, when reactive surfaces for P sorption are 
limited, P will more readily migrate through the profile (Maguire and Sims, 2002). 
Desorption of orthophosphate to soil solution and soil-water extracts designed to 
mimic runoff tends to exhibit a two-stage, curvilinear pattern with respect to STP.  
Some researchers have referred to this rapid increase in P release at a given STP 
(estimated by split-line regression) as the critical “change point”.  Numerous studies 
have seen this change point occur between 42 and 70 kg Olsen-P ha
-1
 (Heckrath et al., 
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1995; Hesketh and Brooks, 2000; Smith et al., 1995; Smith et al., 1998).  McDowell 
and Sharpley (2001) found a change point at 193 mg Mehlich-3 P kg
-1
.  The Mehlich-3 
extraction method is roughly twice as efficient as the Olsen extraction so their finding 
equates to approximately 96 kg Olsen-P ha
-1
 (King et al., 2015a; Wolf and Baker, 
1985).    
The lack of consistent results in the literature regarding the effects of tile 
drainage on water quality reflects the inherent variability of soil conditions, hydrology, 
and biogeochemical processes.  This variability is further intensified by the variety of 
management techniques employed in the field.  In order to be widely effective, the 
development of best management practices must reflect the potential variety of 
responses and weigh the advantages and disadvantages of different management 
decisions.  Targeting these practices where VSA hydrology and P sources intersect (i.e., 
CSAs) will be essential to maintain economically viable crop production while 
protecting our water resources (Sharpley et al., 2009). 
 
1.5. Research Objectives 
The objective of this study was to quantify differences in runoff water yield and 
associated P losses between artificially drained and undrained field plots.  The 
following hypotheses were tested: 
I. Mean surface runoff volumes will be lower for the tile-drained plots compared 
to the naturally-drained plots. 
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II. The reduction in surface runoff volumes will result in lower mean sediment 
losses for the tile-drained plots compared to the naturally-drained plots. 
III. The reduction in sediment losses will result in lower mean total phosphorus 
losses for the tile-drained plots compared to the naturally-drained plots. 
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CHAPTER 2: MATERIALS AND METHODS 
2.1. Site Description and Timeline of Field Activities 
The experimental site is located within a 1.65 ha field in Clinton County at the 
Lake Alice Wildlife Area in Chazy, NY (44°52’30.49”N; 73°28’51.08”W).  The land is 
leased and managed by the William H. Miner Agricultural Research Institute in Chazy, 
NY.  Clinton County experiences an average of 80 cm yr
-1
 of precipitation and an 
average growing season of 130 d.  Prior to the establishment of the trial, the field had 
been managed as a cool season grass field (Phalaris arundinacea) with no recent 
history of crop rotations.  The field was harvested approximately one time per year, did 
not receive any nutrient applications, and had no prior history of improved drainage.   
The research plots were established across a relatively uniform hill slope (5%) 
that transitions from an excessively drained outwash soil (Colosse-Trout River 
complex; sandy-skeletal, mixed, frigid Entic Haplorthods) on the upslope to a very 
poorly drained silty clay series (Adjidaumo; fine, mixed, active, nonacid, frigid Mollic 
Endoaquepts) at the toeslope (Trevail et al., 2006).  Plots were approximately 45.7 m 
long by 22.9 m wide with plot lengths oriented up and down the slope.  The transverse 
slope was < 1% and field observations indicated no evidence of mixing of surface water 
flows among adjacent plots under a range of runoff events, including snowmelt.  Soil 
samples were taken from the upper three soil horizons (Ap, Bw, B/C) from the middle 
of each plot and sent to the University of Maine Soil Testing Service for agronomic 
testing following Cornell University soil testing methods (Morgan soil test extractant).  
The approximate depths of the horizons across all four plots were: Ap horizon: 0-30 
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cm, Bw horizon: 30-51 cm, B/C horizon: 51-91 cm.  The B/C horizon extended beyond 
91 cm, however soil pits were only excavated to that depth. 
 
2.2. Experimental Design 
Four experimental plots were constructed in 2012-2013 to enable the individual 
collection of surface and subsurface runoff (Figure 2.1).  Field preparations for plot 
installation began in the summer of 2012.  Woody vegetation along the upslope field 
border was removed to homogenize the field and create equivalent plot dimensions.  
Three artificial subsurface tile drainage lines were installed parallel with the field slope 
and centered in each plot during the fall of 2012.  Average tile installation depths were 
approximately 1 m below the soil surface.  Each plot drained to a 15 cm (i.d.) PVC pipe 
that connected to individual concrete manholes where subsurface and surface drainage 
water is sampled and flows are measured.  The undrained treatment was accomplished 
by plugging the end of the tile line with 100 mm Cherne Original® Gripper Plugs in the 
manholes of the undrained plots. 
To collect surface water runoff from each plot, 30 cm (i.d.) PVC pipe was cut in 
half and installed in shallow excavated trenches at the bottom of each plot.  Surface 
water collection trenches flowed via gravity into each manhole where flow was 
sampled and gauged.  To stabilize the disturbed soil following installation of the 
collection trenches, a 1 m wide layer of gravel was deposited along the length of the 
trenches.  Minimal collection of sediment was observed in the gravel strips throughout 
the duration of the study.  Installation of the surface runoff collectors was delayed by 
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the onset of winter and wet field conditions in spring 2013 and was completed in 
summer 2013 once field conditions were dry enough to resume construction.   
The grass sod was terminated in fall 2013 with glyphosate application.  Liquid 
dairy manure was applied in fall 2013 at a rate of approximately 15 Mg ha
-1
 in the fall 
followed by primary tillage with a disk harrow. In May 2014, the field was disk 
harrowed again prior to planting corn (Zea mays L.) for silage June 2014 at a 
population of approximately 84,000 seeds ha
-1
.  At planting, 168 kg ha
-1
 of a 23-12-18 
dry fertilizer was applied through the planter.  The field was harvested in fall 2014, 
followed by manure application at a rate of approximately 15 Mg ha
-1
.  A snow storm 
in early December 2014 prevented incorporation of the applied manure.  Monitoring 
efforts for the study began in fall 2013, but due to low precipitation rates, no runoff was 
generated and data collection began in April 2014, continuing through June 2015. 
 
Figure 2.1: Schematic of plot layout at the Lake Alice Wildlife Area, Chazy, NY. 
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In May 2015, 22 shallow groundwater wells (2 cm diameter, 91 cm screen) were 
installed at a depth of 1.2 m to monitor the water table across two of the three shared 
boundaries between treatments.  The wells were installed across the boundary of plots 1 
and 2 and the boundary of plots 3 and 4.  Figure 2.2 shows the locations of wells along 
the shared boundaries.  Water table elevation contour maps were generated using R 
statistical software (R Foundation for Statistical Computing, Vienna, Austria) for both 
arrays of wells at each time-point to determine the predominant direction of water flow.  
Water table equipotential lines were determined with the Akima package (v. 0.5-12), 
which utilizes a bilinear spline interpolation method.  The maps for plots 3 and 4 only 
contained the lower two transects of wells as the water table never rose to the height of 
the single well furthest upslope. 
Figure 2.2: Shallow groundwater well locations. Wells are indicated by red triangles, red lines 
indicate plot boundaries and blue lines indicate tile lines. In each array, wells are labeled A-G (left 
to right) for the downslope transect of wells, H-J for the mid-slope transect of wells (left to right), 
and well K is furthest upslope. 
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2.3. Water Flow Measurements 
Surface and subsurface runoff flows were measured with a five gallon bucket 
modified with a v-notch weir to enable stage-discharge relationships to be determined.  
Each bucket was equipped with a 5 cm diameter stilling well which housed a HOBO 
U20 Water Level Logger (Onset Computer Corporation, Bourne, MA).  An additional 
water level logger was located at the study site to provide barometric correction to 
transform pressure readings to water depth.  Loggers were programmed to record 
measurements at 5-min intervals except when winter temperatures remained 
consistently below freezing.  In order to prevent damage, data loggers were removed 
from the field during these conditions when there was a minimal chance of water flow. 
The v-notch weir buckets were developed and calibrated in the laboratory.  A 
rating curve was developed using a series of peristaltic pumps to deliver a precise water 
flow rate into each bucket-HOBO logger for a given time period.  Pressure readings 
were then transformed to water height inside buckets and plotted as a function of 
measured flow (estimated by the time to fill a known volume) to develop stage-
discharge relationships for each bucket. The laboratory results showed a strong 
curvilinear relationship (mean R
2
 = 0.99) and therefore the bucket-logger combinations 
were used in the field study.  New rating curves for each bucket-logger combination 
were developed in the field using the 5-min interval pressure readings and measured 
flows across a range of flow rates. Flow rates were measured in duplicate for each 
observation using the time to fill a known volume to estimate instantaneous discharge. 
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Cubic regression models were fit to field measured flows (Fig. 2.3) using JMP PRO 
11.2 (SAS Institute Inc., Cary, NC) and used to predict water runoff flows. 
 
Figure 2.3: Rating curves developed in the field for a.) Plot 1 surface flow bucket, Flow (L/h) = -
253.784 + 12814.592*Depth + 259905.13*(Depth - 0.11437)
2
 + 2092942.2*(Depth - 0.11437)
3
, and b.) 







2.4. Water Sampling 
Water samples were generally collected weekly during periods of low flow.  
During low intensity, continuous precipitation events, samples were collected 2-3 times 
per day.  Runoff from high intensity precipitation and snowmelt events was sampled 
hourly using ISCO 6712 automated samplers (Teledyne ISCO, Lincoln, NE), hereafter 
referred to as autosamplers.  Grab samples were immediately transported to the 
laboratory at Miner Institute and refrigerated.  Samples collected by the autosamplers 
remained in the autosampler carousel until the 24-hour sampling cycle was completed.  
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Soluble reactive P (SRP) was determined within 48 hours of collection after membrane 
filtration (<0.45m) by the ascorbic acid-ammonium molybdate colorimetric method 
(Murphy and Riley, 1962; APHA, 1989) using a spectrophotometer (Thermo Fisher 
Scientific Inc., Waltham, MA, US).  Total P (TP) was also determined colorimetrically 
before filtration following sulfuric acid/persulfate digestion (APHA, 1989). Unreactive 
P (UP) was estimated as the numerical difference between TP and SRP and represents a 
combination of particulate P (PP) and dissolved organic P (DOP).  Water samples were 
also analyzed for total suspended solids (TSS) with Proweigh filters (Environmental 
Express, Charleston, SC) according to Standard Methods 2540 (APHA 1989). 
 
2.5. Water Yield and Load Calculations 
The HOBO loggers were downloaded every 2-4 weeks and the depth readings 
were converted to flow rates according to the equations for each location listed in Table 
2.1.  The 5 min interval flow rates were then summarized to mean hourly flows.  
Hourly flow volumes were summed for each event and the duration of the study.  Water 
yield for each plot is expressed as volumetric depth (mm), which was calculated by 
dividing the runoff water volume by plot area.  Load estimates for each time interval 
and bucket were calculated by multiplying the hourly mean flows by the corresponding 
SRP, TP, UP, and TSS concentrations.  When autosamplers were used for sample 
collection, hourly SRP, TP, and TSS concentrations were multiplied by the 
corresponding hourly mean flows to achieve hourly loading data.  Event and total loads 
for P fractions were expressed as g ha
-1
 and TSS loads as kg ha
-1
.  For less frequent 
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sampling, SRP, TP, and TSS concentrations were assumed to be constant from halfway 
between the previous sample and subsequent sample for each collection time point and 
these estimates were multiplied by the corresponding flows (King et al. 2015b). 
 
Table 2.1: Rating curve equations for each runoff collection location, where y = flow (L/h), x = 
water depth (m), RMSE = root mean square error, and n = number of observations. 
Source Rating Curve Equation R2 RMSE n 
Plot 1  
Surface Flow 
y = -1253.784 + 12814.592x + 259905.13*(x-
0.11437)2 + 2092942.2*(x-0.11437)3 
0.99 60.4 38 
Plot 2  
Surface Flow 
Y = -1179.754 + 13110.917x + 188035.1*(x-
0.10615)2 + 2618310.9*(x-0.10615)3 
0.98 261.3 40 
Plot 2  
Tile Flow 
Y = -1114.649 + 10826.456x + 308017.64*(x-
0.11358)2 + 2200297.4*(x-0.11358)3 
0.99 30.7 65 
Plot 3  
Surface Flow 
Y = -977.8281 + 10684.031x + 258932.18*(x-
0.10245)2 + 2368245.2*(x-0.10245)3 
0.92 52.9 58 
Plot 4 
Surface Flow 
Y = -774.6562 + 7816.3228x + 186538.03*(x-
0.11068)2 + 1179312.4*(x-0.11068)3 
0.98 58.7 19 
Plot 4 
Tile Flow 
Y = -888.0222 + 10038.702x + 231885.28*(x-
0.10525)2 + 5207383.1*(x-0.10525)3 
0.98 34.3 65 
 
Load estimates were calculated by event and for the total duration of data 
collection.  For the undrained treatment, plot level loads were the summation of surface 
flow loads, whereas the tile-drained treatment was the sum of the tile drain and surface 
flow loads.  Flow-weighted mean concentrations (FWM) were calculated for SRP, TP, 
UP, and TSS for each event and cumulatively for the entire study by dividing the total 
load by the total water yield. The water yield as a percent of total rainfall (rain 
recovery) was also calculated for each event in addition to cumulative totals.  To 
differentiate the groundwater component of tile flows from the storm flows, the average 
subsurface water yield from each plot in the 24 h preceding a storm event was 
subtracted from the hourly subsurface yields over the duration of the storm event.  The 
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groundwater component accounted for 0-36% of total drainage volume depending on 
the precipitation characteristics and antecedent moisture conditions.  Precipitation data 
was collected from a RainWise Inc. (Bar Harbor, ME) weather station 1.7 km from the 
experimental plots, operated by the Network for Environment and Weather 
Applications (NEWA). 
While most runoff events were captured during 2014-2015, some water yield 
estimates during colder times of the year were precluded due to freezing.  This was due 
to the difficulty of keeping the water in the collection buckets from freezing when 
flows were minimal or absent.  When freezing occurred, the water depth data from the 
loggers was unusable as the presence of ice changed the depth of water or completely 
encapsulated the logger in ice. As such, water yields were not quantified during 
freeze/thaw cycles that occurred during March and April 2015. Nutrient loading 
estimates are typically reported by hydrologic year (October-September), however, the 
monitoring period did not encompass two full years (April 20, 2014 to June 30, 2015). 
Cumulative data from the 13 months will be referred to as the cumulative total for the 
purposes of this paper. 
 
2.6. Statistical Analysis 
Runoff plots were arranged in a randomized complete block design to account 
for potential differences in treatment responses and drainage treatments were randomly 
assigned to plots within each block.  The plots were blocked with respect to landscape 
position, with the two southernmost plots (plots 1 and 2) and two northernmost plots 
44 
 
(plots 3 and 4) designated as the two blocks.  Response variables measured included 
SRP, TP, UP, TSS, and runoff water yields.  Plot loads and FWM concentrations were 
reported for each variable in tile-drained (TD) and naturally-drained (UD) plots. Mean 
response was tested for differences by event (n=7) and for cumulative totals using JMP 
PRO 11.2 (SAS Institute Inc., Cary, NC).  In addition, differences among response 
variables were assessed by hydrologic loss pathway (i.e., either surface runoff or tile-
drain flow).  A two-tailed t-test with blocking was used to test for treatment differences.  
Differences by hydrologic loss pathways were tested with a one-way analysis of 
variance (ANOVA) with blocking.  When significant differences were found between 
hydrologic pathways, means were separated using Tukey’s HSD test.  Significance for 




CHAPTER 3: RESULTS AND DISCUSSION 
3.1. Hydrology of Surface Runoff and Tile Discharge  
3.1.1. Total Runoff Water Yield 
Cumulative rainfall for the study was 1042 mm, excluding that which occurred 
between February 23, 2014 and April 9, 2015 (34 mm) when freeze/thaw cycles 
prevented accurate water yield data collection.  Treatment means for water yield from 
the seven intensively sampled runoff events and the study total are listed in Table 3.1.  
Table 3.2 lists the mean water yields by hydrologic pathway for UD and TD for each 
event and cumulative monthly rainfall and mean runoff volumes.  There was a 
significant difference in mean cumulative water yield from the tile-drained treatment 
(TD) and naturally-drained treatment (UD).  The total water yield for TD was 560 mm 
(±155) and 166 mm (±75) for UD, which represents 53.8% and 16.0% of the total 
rainfall for TD and UD, respectively. The recovery rate for TD is greater than reported 
by King et al. (2015b) in Ohio, who observed that 28% of annual rain (1004 mm) was 
recovered in surface and subsurface drainage.  Madison et al. (2014) reported drainage 
volumes for two chisel plowed corn fields for five consecutive years and precipitation 
recovery in drainage (surface and tiles) ranged from 18-52%.  This range indicates that 
precipitation recovery can vary considerably from year to year.   
The majority of total runoff (95%) in TD occurred in the tile drains.  Overland 
flows only accounted for 25.8 mm (5%) of the mean water yield in TD, an 85% 
reduction from overland flows in UD.  Overland flows only occurred during 6.4% of 
the total study duration in TD as compared to 13.5% in UD.  Tile flow occurred in at 
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least one plot in TD 54.9% of the time.  These results are supported by other studies in 
which there were drastic reductions or elimination of overland flows following the 
installation of tile drainage (Dolezal et al., 2001).  Overland flow is rarely observed in 
tile-drained fields except during periods of high intensity storm events or when 
consistent rainfall and/or snowmelt exceed the drainage capacity of the field (King et 
al., 2015a). The reduction in overland flows associated with tile drains is generally 
limited to saturation excess overland flows as soil properties will have a greater role in 
controlling infiltration rates and the initiation of overland flows during high intensity 
precipitation (Needelman et al., 2004). 
Table 3.1: Mean water yield by treatment for events and the study total. Bold values denote a 
significant difference in mean values between TD and UD. 
Event Date Treatment Q (mm) SD 
5/16/2014 TD 24.4 8.0 
5/16/2014 UD 11.3 4.2 
6/3/2014 TD 10.9 1.8 
6/3/2014 UD 4.7 3.7 
6/11/2014 TD 19.2 2.0 
6/11/2014 UD 10.2 1.1 
6/24/2014 TD 2.0 1.3 
6/24/2014 UD 0.7 1.0 
8/13/2014 TD 6.0 1.7 
8/13/2014 UD 2.6 0.1 
12/25/2014 TD 50.3 17.2 
12/25/2014 UD 30.5 23.8 
5/31/2015 TD 6.7 0.3 
5/31/2015 UD 0.4 0.5 
Total TD 560.4 155.1 






Table 3.2: Mean water yield by treatment pathways for events and the study cumulative total. 
Means that significantly differ are highlighted in bold text. Means not connected by the same letter 
are significantly different. Values not highlighted with letters attached indicate a trend. 
 
Event Date Treatment Pathway Q (mm) SD 
5/16/2014 UD Surface 11.3 4.6 
5/16/2014 TD Surface 8.9 12.0 
5/16/2014 TD Tile 15.4 4.0 
6/3/2014 UD Surface 4.7 3.7 
6/3/2014 TD Surface 2.8 3.1 
6/3/2014 TD Tile 8.1 1.3 
6/11/2014 UD Surface 10.2
ab 
1.1 
6/11/2014 TD Surface 1.3
b 
1.8 
6/11/2014 TD Tile 18.0
a 
3.7 
6/24/2014 UD Surface 0.7 1.0 
6/24/2014 TD Surface 0.0 0.0 
6/24/2014 TD Tile 2.0 1.3 
8/13/2014 UD Surface 2.6 0.1 
8/13/2014 TD Surface 1.4 1.8 
8/13/2014 TD Tile 4.6 0.1 
12/25/2014 UD Surface 30.5
ab 
23.8 
12/25/2014 TD Surface 4.4
b 
5.8 
12/25/2014 TD Tile 45.9
a 
11.5 
5/31/2015 UD Surface 0.4
b
 0.5 
5/31/2015 TD Surface 0.5
b
 0.6 
5/31/2015 TD Tile 6.2
a 0.3 
Total UD Surface 166.3
ab 
75.6 
Total TD Surface 25.8
a 
32.4 







Figure 3.1: Monthly rainfall and mean water yield for UD and TD. 
3.1.2. Runoff Events 
The seven events intensively sampled for this study are listed in Table 3.3.  The 
mean water yield from TD was significantly greater than UD in all events except the 
6/3/14 and 12/25/14 events.  Combined, the rain that fell during events accounted for 
23% (242 mm) of the total rainfall over the study duration.  Despite this small 
percentage, 36% and 74% of all overland flows in UD and TD, respectively, occurred 
during the events.  In contrast, only 19% of the total water yield from the tiles occurred 
during events indicating that groundwater is a large component of tile flow.  The 
5/16/14 event resulted in 41 mm of rain in 4 h and was responsible for 35% (8.9 mm) 
of the overland flow from TD (Figure 3.2).  A similar volume of overland flow drained 
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from UD during the event.  However, the 11.3 mm of overland flow from UD only 
represents 6.8% of the total yield in UD. The nearly identical hydrologic response in 
both treatments for this event may indicate that the flow was infiltration excess flow 
rather than saturation excess flow.  When overland flow occurs due to soil saturation, 
there should be a delay in response to the onset of precipitation.  Also, the tiles in TD 
were flowing prior to the event, indicating that there were areas within the plots above 
field capacity.  Due to the decreased drainage capacity in UD, soil moisture levels were 
likely higher compared to TD soils.  Therefore, if overland flows were a result of 
saturation excess flows the onset of flows in UD would be expected prior to TD as a 
result of differing soil moisture storage capacities.  
Table 3.3: Timeframes of the seven runoff events intensively sampled.  Event duration, total 
rainfall, and recovery rate of rain in drainage for TD and UD are listed for each event.  Recovery 
rates from the 12/24/14 event are inflated due to lack of water estimates from the melting 
snowpack. 
Event Start Event Finish 
Duration Rain Rain Recovery (%) 
h mm TD UD 
5/16/14 7:00 PM 5/17/14 11:59 PM 29 54.4 22.8 20.8 
6/3/14 4:00 PM 6/4/14 3:59 PM 24 27.9 23.3 16.7 
6/11/14 4:00 PM 6/14/14 4:59 PM 73 52.3 25.4 19.5 
6/24/14 6:00 AM 6/26/14 8:59 AM 51 10.9 1.7 6.7 
8/13/14 7:00 AM 8/14/14 11:59 PM 41 54.1 11.1 4.8 
12/24/14 8:00 AM 12/26/14 11:59 PM 64 11.43 389.9 266.4 
5/31/15 11:00 PM 6/2/15 7:59 AM 33 30.5 16.0 1.3 
 
The percent of rain recovered in tile drain-flow was similar for the first three 
events (23%, 23%, and 25%, respectively).  These events were the most hydrologically 
similar as they occurred in late spring when the tiles were flowing prior to the onset of 
precipitation.  Smith et al. (2015) reported the percent recovery for two specific events 
50 
 
in Indiana (May 2010 and April 2011) to be 26% and 27%, only slightly greater than 
those reported here for the same approximate time of year.   
The 5/31/14 event was similar to the first three events with respect to TD (16% 
rain recovery), though the antecedent moisture conditions (AMC) were not as high, as 
inferred from the minimal tile flow prior to the event, in comparison to the three events 
from spring 2014.  The lower recovery rate in TD likely reflects the increased storage 
capacity of the soil.  The high AMC common during the spring is also reflected in the 
difference in recovery rates in UD for the first three events relative to the other events 
(excluding snowmelt).  The 6/24/14 event had both the lowest intensity and lowest 
rainfall amount, which is reflected in the low depth of drainage (10.9 mm) and rain 
recovery (1.7%).  The increased storage capacity of the soil during drier periods is 
reflected in the 6/24/14 event and the 8/13/14 event, which experienced the lowest 
rainfall recovery rates.  Drainage from the 12/24/14 event was primarily due to 
snowmelt, resulting in inflated recovery rates compared to the other rainfall-only 
events. 
The 6/11/14 event was the only event in which there was a delay in overland 
flow in TD relative to UD (Figure 3.3).   Overland flows for TD plots occurred 24 h 
after the onset of flows in UD.  The rainfall totals for this event are similar to the other 
events sampled for this study, but occurred over a period of days, rather than hours.  
The rainfall characteristics (low intensity, longer duration) and delayed hydrologic 
response in TD conforms to the conditions that would be expected from saturation 




Figure 3.2: Water yield from the 5/16/14 rain event. UD-OF = overland flow from UD; TD-OF = 
overland flow from TD; TD-SS = subsurface tile flow from TD. 
 
Figure 3.3: Water yield from the 6/11/14 rain event. UD-OF = overland flow from UD; TD-OF = 




Figure 3.4: Water yield from the 6/3/14 rain event. UD-OF = overland flow from UD; TD-OF = 
overland flow from TD; TD-SS = subsurface tile flow from TD. 
 
Figure 3.5: Water yield from the 12/25/14 snowmelt event. UD-OF = overland flow from UD; TD-
OF = overland flow from TD; TD-SS = subsurface tile flow from TD. 
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Seasonality has been demonstrated in the literature to play a significant role in 
water yield in tile drains.  The majority of annual rainfall occurs during the nongrowing 
season in many states in the Midwest and Northeast (Baker et al., 1975; Karl and 
Knight, 1998) and produces more runoff compared with warmer, drier months with 
higher rates of ET (Tan et al., 2002; Penman, 1948).  Tan et al. (2002) reported that tile 
drain flow during the nongrowing season accounted for 64% of annual drainage.  
Despite the effect of the nongrowing season on annual water yield, a comprehensive 
literature review by King et al. (2015a) found few studies that measured runoff during 
this period.   
The pronounced effect of snowmelt on runoff water yield was captured on the 
12/24/14-12/26/14 event.  Runoff from this event represented just 0.7% of the total 
study duration but contributed the most to total water yield, with 9% (50.3 mm) and 
18% (30.5 mm) of the total from TD and UD, respectively.  This event also contributed 
17% (4.4 mm) of the total overland flow in TD, the second most by any single event.   
The potential for sustained elevated drainage rates following snowmelt is illustrated by 
the contrast of Figures 3.2 and 3.5.  While the magnitude of the peaks is similar, the 




 is much greater in the 12/25/14 event 
than the 5/16/14 event.  The persistence of elevated flows in the 12/25/14 event is even 
more notable considering the dry conditions in the four months preceding snowmelt in 
comparison to the 5/16/14 event when tiles had been consistently flowing in the 
preceding weeks.   
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Despite the immediate response of tile flow to snowmelt in the 12/25/14 event, 
as indicated by the simultaneous rising limbs of the overland flow and tile flow 
hydrographs, overland flow still occurred in TD plots.  The peaks in drainage rates 
were similar between treatments with overland flow rates of 3249 L h
-1
 and 4250 L h
-1
 
recorded in UD and TD, respectively.  However, the duration of time at those rates was 
much less for TD than UD and reflected in the lower mean overland flow yield in TD 
of 5.8 mm, compared to 25.8 mm in UD.  Previous work has also demonstrated the 
potential for snowmelt to create large volumes of overland flow (Rodzik et al., 2009).  
The large volume of water from snowmelt appears to have induced infiltration excess 
flows, followed by saturation excess flows due to continued snowmelt and periodic 
rainfall on 12/24/14 and 12/25/14, which helped to sustain elevated tile flows. 
The 46 d period in late winter without water yield data (2/22/15-4/9/15) only 
accounted for 34 mm of rainfall.  However, all of the spring snowmelt occurred during 
this period and large volumes of overland flow were drained.  During this time, the 
zone of frozen soil presumably prevented infiltration and tile flow.  Therefore, all of the 
water flow during this period occurred as overland flow.  While the total volume was 
unable to be quantified, the highest manually recorded flow rates occurred during this 
period.  The majority of the snow pack melted during a warm period in early March 
2015, with large volumes of runoff in all plots observed on 3/11/15.  A manual 
measurement of the overland flow draining from plot 2 (TD) was taken on 3/10/15 and 
measured 5760 L h
-1
.  The flow measured at this time in plot 1 (UD) was 1728 L h
-1
, 
also among the highest observed flow rates. The measured flow rates on this date were 
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considerably greater for plots 1 and 2 than 3 (UD: 432 L h
-1
) and 4 (TD: 630 L h
-1
) due 
to landscape features that resulted in snow drifts accumulating in the southern half of 
the study area. 
Similar flow rates to those observed 3/11/15 were observed during the 12/25/14 
snowmelt event.  The only other instances of flow rates of this magnitude were during 
the 5/16/14 event and the 6/3/14 event (Figure 3.4).  The combination of high 
antecedent soil moisture conditions (inferred from tile flow drainage rates) and intense 
rainfall (>1.75 cm h
-1
) resulted in brief (1-3 h) large spikes in drainage rates during 
these two events.  In contrast to the 12/25/14 event, peak drainage rates were confined 
to the duration of high intensity precipitation.  Despite occurring over just a 4 h period 
during peak rainfall for the 6/3/14 event, 11% (2.8 mm) of TD total overland flow for 
the study duration occurred.  As previously mentioned, 35% of the overland flow in TD 
occurred in 12 h for the 5/16/14 event.  These three events combined to represent 62% 
(16.1 mm) of the total overland volume for TD plots. 
The contribution of these three events to the total water yield and the flow rates 
measured on 3/10/15 highlight the importance of continuous, year-round monitoring to 
fully understand the timing, magnitude, and characteristics of runoff events.  By 
limiting the occurrence of overland flows to the more extreme and infrequent weather 
events, tile drainage may have implications for management strategies targeting these 





3.1.3. Water Table Monitoring 
Shallow groundwater wells were installed in May 2015 (plot layout and well 
locations in Figs. 2.1 and 2.2) to monitor the elevation of the water table along TD-UD 
plot boundaries.  Prior to a 4 d rain event (5/30/15-6/2/15) that delivered 5.1 cm of rain, 
field conditions were relatively dry and the water table only reached approximately half 
of the wells.  Following this event, the water table remained sufficiently elevated to 
monitor in all locations except the well furthest upslope on the border of plots 3 and 4.  
Throughout the month of June during which monitoring occurred, the water table never 
reached this well.   
During June 2015, 17.9 cm of rainfall occurred with only one instance of 3 
consecutive days without rain (Table 4.2).  Water table elevation at each of the wells 
was measured 18 times during June, with measurements taken two times per day 
following periods of heavy rain (Tables 4.3 and 4.4).  Although the expectation was for 
the elevation of the water table to increase with distance from tile lines, this was not 
always the case.  This may be due in part to the orientation of the tile laterals in the 
field.  For the most efficient drainage, it is recommended that tiles be oriented 
perpendicular to the slope in order to intercept the movement of water downslope 
(Wright and Sands, 2009).  The laterals in the experimental site were installed parallel 
with the slope in order to maintain a sufficient hydraulic gradient to drain all plots via 
gravity.  This may have resulted in local variability of the water table as the tile drain-




The interpolated water table elevation contour maps for each array of wells 
displayed different patterns, but were relatively consistent (Figs. 4.12-4.40).  The wells 
appear to be hydrologically connected as the water table responded to each rain event in 
a similar pattern.  Additionally, the water table appeared to be relatively consistent with 
the topography and site characteristics.  The maps for plots 1 and 2 indicate 
groundwater mounding around the mid-slope wells.  This may be due to the soil 
characteristics and local topography.  The soil transitions from poorly-drained silty clay 
at the toeslope of the plots to high permeability outwash soils upslope and to the east.  
Also, the plots terminate at the upslope position along a ridge, from which the land 
decreases in elevation to a small lake (Figure 4.41).   
Following precipitation, the landscape features, in combination with rapid 
hydraulic conductivity of the outwash soils, may have caused the peak of the water 
table to move west to the mid-slope position as seen in Figures 3.6 and 3.7.  As a result, 
the predominant direction of groundwater flow appears to be east and west of the 
groundwater mound and parallel to the plot boundaries.  While the interpolated maps 
for events such as that in Figure 3.6  indicate potential for some lateral groundwater 
movement from plot 1 (UD) to 2 (TD), they also suggest groundwater in the vicinity of 
the plot boundary flows downslope with limited interaction with the tiles (Figure 3.7).  
Therefore, potential migration of groundwater from plot 1 to plot 2 that could be 




Figure 3.6: Water table contour map for plots 1 and 2 on 6/4/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 
outer tile line, small circles indicate well locations, and blue arrows represent probable direction of 





Figure 3.7: Water table contour map for plots 1 and 2 on 6/22/15 (10:00). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line 
indicates the outer tile line, small circles indicate well locations, and blue arrows represent 
probable direction of groundwater flow.  
 
The interpolated water table elevations between plots 3 and 4 suggest limited 
groundwater flow across plot boundaries.  The maps indicate the presence of a ridge 
along the boundary of the plots from which flows diverged.  The location of the ridge 
varied with moisture conditions, moving into plot 3 during periods of water table draw-
down.  In some cases, flow lines suggest the potential for groundwater flow from plot 3 
(UD) into plot 4 (TD), thus contributing some groundwater to the outside tile in plot 4 
(Figure 3.8).  However, the majority of the dates indicate limited potential for inter-plot 




Figure 3.8: Water table contour map for plots 3 and 4 on 6/4/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 







Figure 3.9: Water table contour map for plots 3 and 4 on 6/22/15 (17:00). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line 
indicates the outer tile line, small circles indicate well locations, and blue arrows represent 
probable direction of groundwater flow. 
 
The water table elevation for each event was plotted for individual wells (Figure 
3.10 and 3.11).  The water table appeared to reach its maximum height at the plot 
boundary (well D) and remained at a relatively constant elevation in wells E, F, and G.  
Evidence of the possible channel along the boundary of plots 1 and 2 can be seen by the 
lower position of the water table at well I, in relation to wells H and J.  In plots 3 and 4, 
the water table appears to peak at well E (2 m into plot 3), before decreasing in height 
at wells F and G.  Overall, results suggest tile lines had minimal impact on overall UD 
soil moisture status and that the majority of subsurface drainage from each TD plot 
originated from within the plot boundaries. This assumption also implies that surface 
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runoff in UD plots were not underrepresented due to the interception of subsurface 
flows by tile drains in adjacent TD plots. 
 
 
Figure 3.10: Box plot of water table elevations in groundwater wells across the shared boundary of 
plots 1 and 2.  Each point represents the water table elevation at a specific time-point. Wells A-G 
represent the downslope transect of wells moving from TD to UD, H-J for the mid-slope transect of 
wells, and well K is furthest upslope. 
 
Figure 3.11: Box plot of water table elevations in groundwater wells across the shared boundary of 
plots 3 and 4.  Each point represents the water table elevation at a specific time-point. Wells A-G 
represent the downslope transect of wells moving from TD to UD, H-J for the mid-slope transect of 
wells, and well K is furthest upslope. 
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3.2. Soil Analysis 
Results from the soil samples taken at the start of the study were averaged by 
plot, from which treatment means were calculated. Results confirmed that pH, organic 
matter, Morgan-P were similar between plots (Figure 3.12). All horizon means within 
each treatment were in the low range (0.5-2.0 mg P kg
-1
) for P availability with respect 
to UVM field crop guidelines (Jokela et al., 2004) with 0.78 mg kg
-1
 ± 0.04 in TD and 
0.90 mg kg
-1 
± 0.42 in UD in the Ap horizon.  Mean soil pH of the Ap horizon was 5.5 
± 0.3 and 5.6 ± 0.1 for TD and UD, respectively; therefore sorption processes should be 
similar between treatments.  The percent organic matter of the Ap was also similar 
between treatments (TD = 3.2 ± 0.2; UD = 3.1 ± 0.1). 
 
Figure 3.12: Select soil test results for upper three soil horizons sampled from each plot, averaged 




3.3. Phosphorus and Sediment Loads in Runoff 
3.3.1. Cumulative Phosphorus and Sediment Loads 
Loads were calculated for P fractions (SRP, UP, and TP) and TSS for the study 
duration and the seven events.  Loads were calculated by treatment (Table 3.4) and by 
hydrologic pathway for each treatment (Table 3.5).  There were no treatment 
differences in TP lost during the study with 233.9 g ha
-1
 lost from TD and 230.9 g ha
-1
 
lost from UD.  Although these loads are from 13 months of field observations, they are 
still less than those reported in a review by King et al. (2015a) that found that annual 




.  The relatively low 
TP loss in tile-drain flows may be partially due to the low STP at this site and 
correspondingly lower P release potential. Numerous studies have shown strong 
correlations between STP and DP concentrations in surface and subsurface runoff 
(Maguire and Sims, 2002; McDowell and Sharpley, 2001; Pote et al., 1996).   
The low STP in this field may have implications for the response of the plots to 
runoff events.  Agricultural fields with repeated P applications in excess of crop uptake 
are often high in STP and when this P-rich topsoil is eroded, P exports can be 
substantial (McDowell and Sharpley, 2001).  However, event data for the study site 
shows that TP and TSS loads may be decoupled and not always related.  Although 2.5 
times more TSS was exported by UD (118.8 kg ha
-1
) than TD (46.0 kg ha
-1
) in May 
2014, TP exports by UD (32.1 g ha
-1
) were three times less than TD (96.1 g ha
-1
) (Figs. 
3.13 and 3.14).  The majority of TP was UP during this time period in both TD (85%) 
and UD (92%).  Unreactive P represents a combination of PP and dissolved organic P 
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(DOP) and may have accounted for the apparent decoupling of TP and TSS during this 
time period.  It is possible that manure applied the previous fall contributed DOP that 
was transported in surface and tile drainage runoff and measured as UP.  Beauchemin 
et al. (1998) sampled tile drainage flows from twenty-seven sites within an intensively 
cropped region in Quebec, Canada and observed that DOP could account for up to 79% 
of TP concentrations. 
Table 3.4: Event and cumulative mean losses of SRP, UP, TP, and TSS for TD and UD treatments. 
Bold values denote a significant difference in mean values between TD and UD. 
Event Date Treatment 
             SRP   UP TP TSS 
            g ha
-1
    g ha
-1





5/16/2014 TD 13.63 62.23 72.95 42.67 
5/16/2014 UD 1.30 14.25 15.55 113.21 
6/3/2014 TD 0.49 15.73 16.22 14.47 
6/3/2014 UD 0.50 5.21 5.70 9.91 
6/11/2014 TD 0.47 3.87 4.34 1.21 
6/11/2014 UD 2.07 7.40 9.48 7.21 
6/24/2014 TD 0.04 0.13 0.17 0.01 
6/24/2014 UD 0.02 0.06 0.08 0.04 
8/13/2014 TD 1.62 2.45 4.08 0.33 
8/13/2014 UD 1.73 2.49 4.22 0.84 
12/25/2014 TD 51.58 14.00 65.58 1.21 
12/25/2014 UD 110.45 27.75 138.19 2.70 
5/31/2015 TD 0.86 0.90 1.76 0.18 
5/31/2015 UD 0.15 0.20 0.34 0.05 
Total TD 84.19 149.67 233.87 65.45 









Table 3.5: Event and cumulative mean losses of SRP, UP, TP, and TSS for hydrologic pathways in 
TD and UD treatments. Bold values denote a significant difference in mean values between TD and 
UD. Means not connected by the same letter are significantly different. 
Event Date Treatment Pathway 










5/16/2014 UD surface 1.30 14.25 15.55  113.21 
5/16/2014 TD surface 13.12 47.18 60.31 36.04 
5/16/2014 TD tile 0.50 15.05 12.64 6.63 
6/3/2014 UD surface 0.50 5.21 5.70 9.91 
6/3/2014 TD surface 0.36 10.87 11.23 13.63 
6/3/2014 TD tile 0.13 4.86 4.99 0.84 
6/11/2014 UD surface 1.87 6.54 8.41 2.32
 
6/11/2014 TD surface 0.13 0.94 1.08  0.34
 
6/11/2014 TD tile 0.39 2.88 3.27 0.29
 
6/24/2014 UD surface 0.02 0.06 0.08 0.04 
6/24/2014 TD surface 0.01 0.06 0.07 0.00 
6/24/2014 TD tile 0.03 0.07 0.10 0.01 
8/13/2014 UD surface 1.73 2.49 4.22 0.84
a 
8/13/2014 TD surface 1.27 1.17 2.44 0.17
b 
8/13/2014 TD tile 0.35 1.28 1.63 0.16
b 
12/25/2014 UD surface 110.45 27.75 138.19  2.70
 




12/25/2014 TD tile 40.30 11.92
 
52.22   1.00
 
5/31/2015 UD surface 0.15 0.20 0.34 0.05 
5/31/2015 TD surface 0.56 0.25 0.81 0.02 
5/31/2015 TD tile 0.30 0.66 0.96 0.16 
Total UD surface 130.79 100.08 230.87 162.29 
Total TD surface 34.01 68.51 102.52   50.99 







Figure 3.13: Monthly SRP and TP loads for each treatment. UD is shown in red and TD is shown 
in green. Lighter colors represent SRP, darker colors represent TP. 
 
Figure 3.14: Monthly TSS loads for each treatment. UD is shown in red and TD is shown in green. 
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Approximately 78% of the TSS load from TD was in overland flow and this 
pathway only accounted for 56% of TP losses.  If the STP were higher at this site, the 
TP loads could have potentially been much greater in both surface and tile runoff, but 
particularly for UD plots.  For the present study, UD had 357% greater cumulative TSS 
losses than TD.  It is possible that greater soil P saturation at the site could have 
resulted in substantially more P loss.  Pote et al. (1996) found a high correlation (R
2
 = 
0.77) between SRP in surface runoff and the degree of soil P saturation using an 
acidified ammonium oxalate extraction (DPS = Pox / (Feox + Alox).  Maguire and Sims 
(2002) found a similar correlation (R
2
 = 0.78) between SRP concentrations in tile flow 
and DPS using the Mehlich-3 extraction.  However, significant increases in SRP 
concentrations due to STP status have typically not been observed until STP 
concentrations are approximately four times greater than the recommended agronomic 
optimum (Klatt et al., 2002; King et al., 2015a).   
While TP loads were similar between treatments, SRP loads were 130.8 g ha
-1
 in 
UD and 84.2 g ha
-1
 TD and represented 57% of TP losses from UD and 36% of TP in 
TD.  Although there is growing awareness of the role of preferential flow pathways in 
conducting both DP and PP losses to tile drains (Kleinman et al., 2015), concerns 
regarding P loss from overland flows have still primarily focused on PP losses 
(Kleinman et al., 2011).  The high proportion of SRP in UD demonstrates that SRP can 




Concerns regarding the use of tile drainage systems have been raised due to their 
potential for DP transport (Daniel et al., 1998).   If tiles are primarily exporting DP and 
account for most of the annual runoff from a field, tile drainage could contribute a 
disproportionate amount of P to TP loads.  To better understand relationships among 
site hydrology, TSS, and P transport, it is necessary to differentiate P losses by 
hydrologic pathway.  The speciation of P was similar between tile flow and overland 
flow, with SRP comprising 38% of tile flow and 33% of overland flow.  Not only was 
the high proportion of SRP observed in UD surface flows not duplicated in TD surface 
flows, SRP did not dominate tile flows.  The low percentage of SRP in the tiles may 
reflect the high P sorption capacity of the soil due to the high levels of reactive surface 
area in a fine-textured soil with low STP (Sims et al., 1998) 
Bottcher et al. (1981) observed that greater than 70% of TP in tiles was due to 
PP during three years of monitoring P losses on a silty clay field.  These high levels of 
PP in tile flow are indicative of preferential flow pathways providing a conduit for 
transport of soil particles from the surface and demonstrate that losses are highly site- 
specific.  Uusitalo et al. (2001) observed PP (calculated as the difference between TP 
and SRP) as the major fraction of PP in tile drain-flow, with a range of 66-99% of TP 
as PP across four experimental sites. The work of Bottcher et al. (1981), Uusitalo et al. 
(2001), and that presented here all occurred on silty clay or clay soils which are more 
prone to the development of macropores than a more coarsely textured soil (Beven and 
Germann, 1982).  Therefore, P speciation should not be assumed based on hydrologic 
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pathway alone since the combination of hydrology, soil characteristics, and 
management simultaneously influence P speciation and transport. 
3.3.2. Phosphorus and Sediment Loads in Runoff Events 
The high percentage of SRP in UD (57%) relative to the losses observed in TD 
(36%) can be explained by the influence of the 12/25/14 snowmelt event on the total 
loads (Figure 3.15).  Total P losses were 65.6 g ha
-1
 and 138.2 g ha
-1 
from TD and UD, 
respectively.  This single event was responsible for 28% of the cumulative TP losses 
from TD and 60% of TP losses from UD.  The losses from UD in this event were 
dominated by the dissolved fraction, with 80% occurring as SRP.  A similar SRP 
fraction was also lost by TD plots (79% of TP loss was SRP).  Despite a similar 
distribution of P forms between treatments, the primary transport pathway was 
different, as 80% of TP losses from TD were from the tiles.  There was no difference in 
the SRP fraction of TP in overland (84%) and tile flows (77%) for TD plots.  Seasonal 
P speciation in surface and tile flows reported in the literature are inconsistent, with 
some reporting increased PP losses relative to DP in the winter (Chapman et al., 2001), 
while others found that DP dominated winter losses (Macrae et al., 2007; Stuntebeck et 
al., 2008). 
 The importance of the interaction between weather and manure management 
strategies on P transport is demonstrated by the 12/25/14 event.  Following corn harvest 
and tillage, manure was broadcast on the field on 11/28/14 without incorporation prior 
to snowfall or a cover crop.  Average temperatures remained at or below freezing 
following manure application.  Therefore, any precipitation that fell occurred as snow 
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or sleet prior to the start of the rain on 12/23/14.  During 12/23/14-12/25/14, 1.73 cm of 
rain fell and initiated snowmelt on 12/24/14 along with three consecutive days 
exceeding 40° F (12/24/15-12/26/14).  The dry period preceding the 12/25/14 snowmelt 
may have influenced P exports as some studies have shown increased P availability 
when soils are rewetted following a dry period (Heathwaite and Dils, 2000; Venterink 
et al., 2002). 
 
Figure 3.15: TP loads by hydrologic pathway for each treatment from the 12/25/14 event. 
The combination of recently applied, unincorporated manure and weather 
conditions likely resulted in a large pool of labile P, vulnerable to runoff losses during a 
high flow event such as snowmelt.  This combination of factors led to the largest export 
of SRP (110.5 g ha
-1
) and TP (138.2 g ha
-1
) from UD and the largest export of SRP 
(51.6 g ha
-1
) from TD.  Jamieson et al. (2003) observed similar losses during a 4 d 
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snowmelt event in a tile-drained field in southern Quebec that resulted in drainage 
depths of 164.8 mm combined from surface and subsurface pathways.  They observed 
166.4 g ha
-1
 of TP in surface flow and 98.2 g ha
-1
 in subsurface flow, accounting for 63 
and 37% respectively, of the annual TP loads.  Although these loads are somewhat 
higher than those observed in the 12/25/15 snowmelt, the snowmelt event captured by 
Jamieson et al. (2003) experienced a greater volume of discharge likely due to a larger 
volume of water in the snowpack. 
The presence of a labile P source, combined with a high volume of runoff is 
likely the cause for the high loads in this event relative to other events.  Just as the flow 
rates were highest during the 12/25/14 event and 3/11/15 grab samples, P 
concentrations were also much greater for these snowmelt events than the rest of the 
year.  TP and SRP concentrations of the grab samples taken on 3/11/15 of the overland 
flows from all four plots were higher than at any other sampling time-point.  The 
highest TP and SRP concentrations from UD were 2312 µg L
-1 
and 2128 µg L
-1
, 





 for TP and SRP, respectively.  The 12/24/14 event had the second highest 
SRP concentrations among plots, although the concentrations were approximately four 
times less.  The high concentrations on 3/11/15 may have also been influenced by the 
extent of soil freezing that occurred during a winter that saw temperatures well below 
average for the region.  Temperatures in January and February were 3.6° F and 14.1° F 
below average, respectively (NRCC, 2015).  Studies have demonstrated that freezing 
conditions may increase P availability, particularly as the surface residue and number 
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of freeze/thaw cycles increase (Messiga et al., 2010).  Additionally, despite the volume 
of water and P loads transported during the 12/25/14 event, the P supply from the 
November manure application may not have been exhausted.  Measured concentrations 
far exceed critical threshold levels cited for eutrophication (20-30 µg SRP L
-1
) (King et 
al., 2015a) and 92% of TP was bioavailable as SRP (presumed to be mainly 
orthophosphate). 
The 5/16/14 rainfall event also had a large impact on cumulative total P export 
from plots.  This event delivered 5.4 cm of rain in just 9 h and the rainfall intensity 
resulted in the largest sediment losses of any single event.  Although not statistically 
significant, TP losses were numerically greater in TD (73 g ha
-1
) than UD (13.9 g ha
-1
) 
despite greater TSS losses in UD.  This event was responsible for 65% and 71% of 
cumulative total TSS lost from TD and UD, respectively. However, as Figure 3.16 
illustrates, these losses occurred over a very short period of time and were largely 
confined to the duration of high intensity rainfall.   
Although the magnitude of the losses in the surface runoff from both UD and 
TD in Figure 3.16 obscure the losses via tile flow, 85% of TSS lost through the tiles 
(6.6 kg ha
-1
) occurred in this event.  This may have been a legacy of the tile installation 
six months prior in December 2013.  The disturbance of the soil during installation may 
have resulted in sediment settling into the recently installed tile drains and subsequent 
transport through the tile system during the high intensity event.  Preferential flow 
pathways are also capable of delivering large amounts of sediment to tiles (Bottcher et 
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al., 1981), but in cultivated fields these losses are most often seen following dry periods 
that allow macropores to develop (King et al., 2015a).   
The research plots were minimally tilled (one pass with a disk harrow) the 
previous fall and the tiles in TD plots had flowed continuously since early April 2014.  
However, prior to sod termination in fall 2013, the field had been managed as a long-
term grass field.  The absence of tillage likely promoted macropore and biopore 
development by root channels and soil biota throughout the soil profile (Beven and 
Germann, 1982), which can result in large TSS and PP loading in tile drains (Chapman 
et al., 2005; Geohring et al., 2001; Uusitalo et al., 2001).  Although the field was tilled 
prior to corn establishment, this would only have disrupted the preferential flow 
pathways in the upper 20-30 cm of the soil profile, while the rest of the profile may 
have still allowed for the translocation of soil particles to the tile drains. 
 
Figure 3.16: TSS loads by hydrologic pathway for each treatment from the 5/16/14 event. 
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These results demonstrate the potential for the majority of losses to occur in 
during short time periods.  Approximately 82%, 70%, and 92% of SRP, TP, and TSS 
losses respectively from TD occurred during the seven major runoff events.  These 
percentages were similar in UD with 89%, 75%, and 83% of SRP, TP, and TSS losses, 
respectively occurring during events.  Sharpley et al. (2008) observed a similar pattern 
during ten years of monitoring a 39.5 ha sub-watershed of Mahantango Creek in south-
central Pennsylvania.  From 1997-2006, storm flow only accounted for 32% of the 
watershed discharge, but was responsible for 65% and 80% of DP and TP exports, 
respectively.  Additionally, 23% of TP exported during the study period was from just 
two storms with a 10-year return period.  Although it can be difficult to predict when 
these losses will occur, continuing to monitor and understand the interactions among 
weather, field and soil conditions will help target best management practices to when 
and where they can be most effective.   
 
3.4. Flow-Weighted Mean Concentrations 
Flow-weighted mean (FWM) concentrations were calculated for the study 
duration and each event by treatment mean and by hydrologic pathway (Tables 3.6 and 
3.7, respectively).  Analysis of the data by treatment yielded a number of significant 
differences or trends with respect to individual events, particularly the 6/3/14 and 
8/13/14 events.  Notably, the FWM TSS concentrations were significantly greater in 
UD (291.1 mg L-1; 32.0 mg L-1) than TD (147.6 mg L-1; 4.7 mg L-1) for the 6/3/14 and 
8/13/14 events, respectively.  The differences in TSS FWM for these events are also 
76 
 
reflected in the significant difference in UP FWM between the treatments.  
Additionally, these events showed a trend for greater FWM TP in UD.  Mean FWM TP 
for UD (160.9 µg L-1) was approximately three times greater than in TD FWM TP (58.5 
µg L
-1) for the 8/13/14 event. 
Although the analysis of the total FWM for each fraction by treatment did not 
reveal significant differences, this may be due to the high variation in runoff processes 
and low replication.  However, some general observations can be made regarding the 
data.  Total FWM TP concentrations for both treatments exceeded the 20-30 µg L
-1 
threshold for eutrophication control in freshwater bodies, though TD is closer to this 
range (King et al., 2015a).  Additionally, the EPA recommends that TDP 
concentrations in flowing waters not exceed 100 µg L
-1
 (USGS, 2015).  The FWM TP 
from TD (49 µg L
-1




Analysis of the hydrologic pathways by treatment revealed few statistically 
significant differences despite large numerical differences in many cases.  In general, 
the FWM in surface flows from TD and UD were similar, whereas the tile flows were 
always lower.  For example, the total FWM SRP and FWM TP concentrations were 
12.0 µg L-1 and 29.0 µg L-1, respectively in TD tile-drain flows, whereas they were 110.2 
µg L
-1and 183.0 µg L-1, respectively in UD surface runoff. 
The tile FWM SRP concentrations measured in this study are lower than others 
reported in tile drainage monitoring studies.  King et al. (2015a) reported a range of TP 
FWM concentrations in monitored tiles of 100-230 µg L
-1





and similar to other ranges reported in the literature (Gentry et al., 2007; Madison et al., 
2014).  The difference between FWM concentrations reported here and those in 
previous studies likely demonstrates the difference in the potential for P export from 
fields with low STP versus high STP. 
Table 3.6: FWM concentrations for SRP, UP, TP, and TSS for each treatment. Means that 
significantly differ are highlighted in bold text. Values with an asterisk indicates a trend. 

















5/16/2014 TD 46.5 203.9 250.4 148.6 
5/16/2014 UD 9.6 89.0 98.7 827.3 
6/3/2014 TD 5.1 161.5 166.6* 147.6 
6/3/2014 UD 9.7 183.6 193.2* 291.1 
6/11/2014 TD 3.1 29.6 32.8 11.2 
6/11/2014 UD 23.4 84.6 107.9 93.9 
6/24/2014 TD 2.4 8.9 11.3 0.8 
6/24/2014 UD 130.9 187.1 318.0 25.2 
8/13/2014 TD 23.3 35.2 58.5* 4.7 
8/13/2014 UD 66.1 94.8 160.9* 32.0 
12/25/2014 TD 83.9 24.6* 108.4 2.1 
12/25/2014 UD 260.4 71.4* 331.8 7.9 
5/31/2015 TD 12.7 13.2 25.9 2.6 
5/31/2015 UD 201.5 201.0 402.6 8.6 
Total TD 18.2
 
30.8 49.0 14.0 










Table 3.7: FWM Concentrations for SRP, UP, TP, and TSS for treatment pathways. Means that 
significantly differ are highlighted in bold text. Means not connected by the same letter are 
significantly different. 
Event Date Treatment Pathway 










5/16/2014 UD surface 9.6
b 111.2 98.7
b 827.3 
5/16/2014 TD surface 137.9
a 528.0 519.6
a 225.1 
5/16/2014 TD tile 3.4
b 78.7 93.3
b 44.9 
6/3/2014 UD surface 9.5 109.8 192.5 289.4 
6/3/2014 TD surface 10.0 390.8 310.8 325.7 
6/3/2014 TD tile 1.6 60.0 67.5 10.9 
6/11/2014 UD surface 19.5 64.0 87.4 24.0 
6/11/2014 TD surface 10.7 75.0 85.7 27.3 
6/11/2014 TD tile 2.3 16.0 19.3 1.8 
6/24/2014 UD surface 130.9 8.3 318.0 25.2 
6/24/2014 TD surface 30.0 186.0 192.1 15.9 
6/24/2014 TD tile 1.3 3.6 5.7 0.4 
8/13/2014 UD surface 66.1 95.4 160.9 32.0
a 
8/13/2014 TD surface 63.5 84.9 117.7 8.4
b 
8/13/2014 TD tile 7.6 27.6 35.4 3.5
b 
12/25/2014 UD surface 260.4 91.1
 
331.8 7.9 
12/25/2014 TD surface 458.0 47.7
 
531.2 6.1 
12/25/2014 TD tile 74.9 26.0
 
98.5 1.9 
5/31/2015 UD surface 201.5 48.9 402.6
 
8.6 
5/31/2015 TD surface 90.6 54.4 144.4
 
5.1 
5/31/2015 TD tile 4.9 10.5 15.7
 
2.6 


















3.5. Implications for Water Quality and Field Management 
The results of this study indicate that in some cases, tile drainage may be 
beneficial in reducing P loading from fields.  Although there was no statistical 
difference in TP exported between treatments, SRP and TSS loads were 36% and 61% 
lower from TD plots compared to UD.  The literature reports mixed results relative to 
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tile drainage impacts on P loss.  Eastman et al. (2010) reported increased TP losses in a 
tile-drained field relative to a naturally-drained field during two years of monitoring 
paired fields (clay loam, 160 kg Mehlich-3 P ha
-1
) in the Pike River Watershed in 
southern Quebec (approximately 50 km from the Lake Alice experimental plots).  The 




 in the tiled field (66% from 




 in the naturally-drained field (surface runoff only).  
Although these loads are much higher than those lost from TD (0.234 kg ha
-1
) and UD 
(0.231 kg ha
-1
) in our experiment, they are consistent with other reports with similarly 
elevated STP levels.  A review of tile drainage research by King et al. (2015a) found a 




 exported from tile drains.  Gilliam et al. (1999) 




) in an earlier review of 
agricultural drainage.  The difference in TP exports from our site relative to many of 
those reported may be due to the very low STP status in comparison to other studies 
with higher STP fields (Heckrath et al., 1995; McDowell and Sharpley, 2001; Maguire 
and Sims, 2002; Sharpley et al., 2013). 
Differences in STP affect potential P export risk from tile drainage flows.  
Long-term over-application of organic and inorganic fertilizers has been shown to 
result in excess P in the soil (Sharpley et al., 2003).  However, research has 
demonstrated that the change-point above which P losses in runoff increase rapidly is 
well above optimum crop levels (Heckrath et al., 1995; Maguire and Sims, 2002).  
Preventing P accumulation and excessively high STP concentrations is critical since 
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considerable time is required to reduce soil P concentrations back down to optimum 
levels (Sharpley and Withers, 1994).   
In addition to the quantity of P applications, the timing of these applications is 
also critically important.  The impact of manure application in the non-growing season 
was demonstrated in the snowmelt event presented here.  This type of high P load 
runoff event due to snowmelt and non-growing season conditions has been previously 
documented in other research, though relatively few studies have measured losses 
during winter and early spring.  Coelho et al. (2012) observed a snowmelt event that 
contributed 80% of the annual TDP load (both surface and subsurface pathways) and 
Jamieson et al. (2003) observed 97% of annual TP lost during 4 d of spring snowmelt.  
Macrae et al. (2007) observed the highest concentrations of TP during a snowmelt 
event in fields that received manure.  Gentry et al. (2007) observed a rain/snowmelt 
event following a late-fall broadcast application of inorganic P fertilizer that resulted in 
TP exports that represented 40% of the annual TP load for the receiving stream and 
80% of the TP was SRP.  Results from these studies indicate that the timing and 
method (e.g., broadcast with or without incorporation, injected) of nutrient applications 
relative to high-flow events are critical in determining loss risk potential from fields. 
 
3.6. Study Limitations 
The results of the 12/25/14 event and grab samples from March and early April 
2014 demonstrate the importance of continuous year-round monitoring.  The inability 
to calculate P and sediment loads exported during that period of both maximum flow 
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and P concentrations could be important from a water quality and cumulative P loss 
perspective.  The difficulty in maintaining an ice-free environment around sampling 
equipment during periods of fluctuating freezing and non-freezing temperatures needs 
to be addressed to fully understand the implications of tile drainage on water quality.  
However, the exact techniques will likely be dependent on the specific location, cost, 
and infrastructure needs.  The U.S. Geological Survey in cooperation with the 
University of Wisconsin Discovery Farms and Pioneer Farm has been conducting year-
round edge-of-field research since 2001.  They have experimented with numerous 
techniques to limit ice build-up and the best option (heat-tape at the flume exit) is still 
not entirely effective and requires a power source at the site (Stuntebeck et al., 2008).   
Improvements to the study design could also be made.  Although results from 
the groundwater well monitoring in June 2015 indicated that the influence of the tile 
lines would be minimal, the ability to have hydrologic isolation would ensure that 
measured surface and subsurface flows originated from within the plot boundaries.  
However, the effects may be minimal enough to not warrant the additional construction 
and expense.  Also, although the snow depth was not measured, field observations 
indicated that snow preferentially accumulated in plots 1 and 2 in the 2014-2015 winter 
season.  This drifting snow could also impact data collection of snowmelt events.  
Although this would be difficult to control in fields with exposure to high winds, the 
effects of snowmelt will be difficult to discern on a smaller scale system similar to our 
plots without adequate isolation.  Additionally, the drainage from snowmelt in the 
Northeast is a significant portion of the annual water budget.  In the future, snow 
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sampling to estimate the average water equivalency depth of the snowpack would 
provide more complete water budget calculations. 
Another limitation of this study was the relatively short time frame in which it 
was conducted.  Weather events, site conditions, and management strategies (e.g., crop, 
tillage practices) are all variable and with more events and years monitored, more 
sound conclusions can be reached.  In this data set, the 12/24/15 and 5/16/14 events 
exert heavy influence on the conclusions drawn.  However, if these are outlier events, 
they are overly represented and could lead to false conclusions as to the typical 
conditions of this site and its response to runoff events.  The constraints imposed by the 
site also limited additional replication, which would have provided more statistical 
power in our analyses. 
Additional sampling equipment and capabilities could also improve the data 
collection for this study.  The available equipment precluded the ability to conduct 
flow-based sampling and instead a time-based sampling regime was followed.  
Although samples were taken hourly to capture variation in P over the runoff 
hydrograph, overland flows can be very ephemeral and important data could be missed 
by not sampling these transient flows.  Finally, the installation of soil moisture sensors 
would also facilitate a better understanding of the impacts of AMC on the hydrology 





The results of this study indicate that the installation of tile drainage into 
agricultural fields will not necessarily result in additional P losses relative to an 
undrained field under similar management.  The data supported the first two hypotheses 
that surface runoff volume would be lower from TD plots, and that this reduction in 
surface runoff would result in a concomitant reduction in TSS loadings.  However, the 
third hypothesis, that lower TSS loads in TD would result in a concomitant reduction in 
TP, was not supported.  This is likely due to the low STP at the site and therefore, low 
P content in eroded sediment, a result of the short history of nutrient additions to the 
field.   However, while TP losses were nearly identical between treatments, SRP losses 
were substantially lower from TD plots, which could have positive water quality 
implications for Lake Champlain due to a reduction in bioavailable P transport.  These 
conclusions must be tempered by the knowledge that this study only encompassed 13 
months of monitoring and should be considered site-specific.  Seasonal differences in P 
forms and mobility were demonstrated and additional years and improved monitoring 
during the non-growing season will provide additional information on the hydrology 
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6/11/2014 688.6 546.7 
8/13/2014 477.2 111.5 
12/25/2014 3190.3 1252.7 







Summary of Fit 
RSquare 0.979 
RSquare Adj 0.977 
Root Mean Square Error 265.29 
Mean of Response 631.54 
Observations (or Sum Wgts) 39 
Figure 4.1: Rating curve developed in the field for Plot 2 surface flow bucket.  Flow (L/h) = -
1179.754 + 13110.917*Depth + 188035.1*(Depth - 0.10615)
2







Summary of Fit 
RSquare 0.920 
RSquare Adj 0.915 
Root Mean Square Error 52.89 
Mean of Response 147.68 
Observations (or Sum Wgts) 58 
  
Figure 4.2: Rating curve developed in the field for Plot 3 surface flow bucket.  Flow (L/h) =  -977.828 
+ 10684.031*Depth + 258932.18*(Depth - 0.10245)
2







Summary of Fit 
RSquare 0.979 
RSquare Adj 0.975 
Root Mean Square Error 58.73 
Mean of Response 206.14 
Observations (or Sum Wgts) 19 
Figure 4.3: Rating curve developed in the field for Plot 4 surface flow bucket.  Flow (L/h) = -
774.6562 + 7816.3228*Depth + 186538.03*(Depth - 0.11068)
2






Summary of Fit 
RSquare 0.977 
RSquare Adj 0.976 
Root Mean Square Error 34.282 
Mean of Response 217.156 
Observations (or Sum Wgts) 65 
Figure 4.4: Rating curve developed in the field for Plot 4 tile flow bucket.  Flow (L/h) = -888.0222 + 
10038.702*Depth + 231885.28*(Depth - 0.10525)
2






Figure 4.5: Total water yield by plot for the 5/16/14 rain event. 
 
 





Figure 4.7: Total water yield by plot for the 6/11/14 rain event. 
 
 




Figure 4.9: Total water yield by plot for the 8/13/14 rain event. 
 
 





































Table 4.2: Daily rainfall totals 5/30/15-6/30/15. 











































Table 4.3: Water table elevation (m) at each well in plots 1 (UD) and 2 (TD) during June 2015. 
Date/Time 
Well   
A B C D E F G H I J K 
6/2/15 09:00 28.97 28.92 29.18 29.20 29.53 29.30 29.55 29.87 29.57 30.02 . 
6/2/15 17:00 29.17 29.17 29.43 29.37 29.55 29.52 29.62 29.84 29.65 30.02 . 
6/4/15 12:00 29.43 29.42 29.51 29.49 29.39 29.50 29.43 29.68 29.84 29.90 29.71 
6/8/15 13:30 29.27 29.22 29.25 29.28 29.32 29.29 29.27 29.61 29.44 29.83 29.65 
6/9/15 11:00 29.27 29.22 29.28 29.30 29.34 29.31 29.28 29.63 29.44 29.84 29.64 
6/10/15 07:45 29.61 29.63 29.76 29.69 29.54 29.67 29.54 29.90 29.65 30.05 29.71 
6/10/15 16:00 29.68 29.62 29.66 29.71 29.62 29.65 29.65 29.84 29.67 30.05 29.73 
6/11/15 11:00 29.70 29.62 29.70 29.72 29.60 29.68 29.66 29.79 29.71 30.02 29.74 
6/12/15 17:30 29.52 29.48 29.55 29.55 29.53 29.55 29.55 29.72 29.59 29.96 29.72 
6/13/15 12:00 29.77 29.73 29.88 29.78 29.71 29.77 29.74 29.92 29.84 30.09 29.80 
6/15/15 09:00 29.44 29.45 29.47 29.55 29.54 29.49 29.47 29.69 29.63 29.92 29.73 
6/17/15 10:00 29.42 29.43 29.53 29.63 29.52 29.56 29.56 29.68 29.59 29.62 29.69 
6/19/15 09:30 29.35 29.38 29.44 29.55 29.53 29.48 29.54 29.70 29.55 29.95 29.66 
6/22/15 10:00 29.57 29.62 29.78 29.67 29.74 29.74 29.67 29.92 29.86 30.09 29.75 
6/22/15 17:00 29.63 29.62 29.68 29.73 29.72 29.68 29.70 29.86 29.83 30.12 29.78 
6/23/15 14:30 29.60 29.68 29.79 29.76 29.68 29.73 29.66 29.89 29.80 30.08 29.76 
6/24/15 14:00 29.49 29.48 29.53 29.58 29.64 29.55 29.57 29.73 29.69 29.95 29.73 
































Table 4.4: Water table elevation (m) at each well in plots 3 (UD) and 4 (TD) during June 2015. 
Date/Time 
Well   
A B C D E F G H I J K 
6/2/15 09:00 29.82 29.80 29.98 30.05 30.03 30.03 29.87 29.95 29.94 29.90 . 
6/2/15 17:00 29.79 29.77 29.85 29.98 29.93 29.94 29.95 29.94 29.93 29.89 . 
6/4/15 12:00 29.70 29.66 29.72 29.75 29.81 29.85 29.78 29.87 29.87 29.80 . 
6/8/15 13:30 29.70 29.66 29.72 29.75 29.78 29.82 29.75 29.84 29.85 29.74 . 
6/9/15 11:00 29.70 29.66 29.72 29.76 29.76 29.82 29.77 29.84 29.85 29.75 . 
6/10/15 07:45 29.84 29.83 29.92 30.00 29.95 29.94 29.88 29.95 29.95 29.90 . 
6/10/15 16:00 29.79 29.77 29.84 29.90 29.93 29.92 29.90 29.95 29.94 29.90 . 
6/11/15 11:00 29.76 29.73 29.80 29.86 29.90 29.91 29.89 29.93 29.94 29.89 . 
6/12/15 17:30 29.73 29.71 29.78 29.81 29.83 29.90 29.85 29.88 29.88 29.86 . 
6/13/15 12:00 29.83 29.81 29.90 29.98 30.01 30.05 29.97 29.98 29.98 29.96 . 
6/15/15 09:00 29.71 29.67 29.72 29.77 29.81 29.87 29.85 29.90 29.91 29.87 . 
6/17/15 10:00 29.71 29.68 29.74 29.80 29.83 29.85 29.85 29.90 29.91 29.86 . 
6/19/15 09:30 29.71 29.72 29.78 29.84 29.88 29.90 29.88 29.92 29.95 29.88 . 
6/22/15 10:00 29.85 29.84 29.94 30.03 30.07 30.07 30.01 30.01 30.02 29.99 . 
6/22/15 17:00 29.80 29.77 29.85 29.92 29.96 29.98 29.95 29.99 29.99 29.98 . 
6/23/15 14:30 29.81 29.80 29.91 29.99 30.02 30.06 29.97 29.97 29.99 29.96 . 
6/24/15 14:00 29.72 29.69 29.74 29.80 29.82 29.84 29.86 29.92 29.96 29.90 . 






Figure 4.12: Water table contour map for plots 1 and 2 on 6/2/15 (09:00). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates 





Figure 4.13: Water table contour map for plots 1 and 2 on 6/2/15 (17:00). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line 




Figure 4.14: Water table contour map for plots 1 and 2 on 6/8/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.15: Water table contour map for plots 1 and 2 on 6/9/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 





Figure 4.16: Water table contour map for plots 1 and 2 on 6/10/15 (07:45). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates 




Figure 4.17: Water table contour map for plots 1 and 2 on 6/10/15 (16:00). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates 




Figure 4.18: Water table contour map for plots 1 and 2 on 6/11/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 





Figure 4.19: Water table contour map for plots 1 and 2 on 6/12/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.20: Water table contour map for plots 1 and 2 on 6/13/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.21: Water table contour map for plots 1 and 2 on 6/15/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.22: Water table contour map for plots 1 and 2 on 6/17/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.23: Water table contour map for plots 1 and 2 on 6/19/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.24: Water table contour map for plots 1 and 2 on 6/22/15 (17:00). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates 




Figure 4.25: Water table contour map for plots 1 and 2 on 6/23/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.26: Water table contour map for plots 1 and 2 on 6/24/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.27: Water table contour map for plots 1 and 2 on 6/29/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.28: Water table contour map for plots 3 and 4 on 6/2/15 (09:00). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates 




Figure 4.29: Water table contour map for plots 3 and 4 on 6/2/15 (17:00). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates 




Figure 4.30: Water table contour map for plots 3 and 4 on 6/8/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.31: Water table contour map for plots 3 and 4 on 6/9/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 





Figure 4.32 Water table contour map for plots 3 and 4 on 6/10/15 (07:45). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates 




Figure 4.33 Water table contour map for plots 3 and 4 on 6/10/15 (16:00). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates 




Figure 4.34: Water table contour map for plots 3 and 4 on 6/11/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.35: Water table contour map for plots 3 and 4 on 6/12/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.36: Water table contour map for plots 3 and 4 on 6/13/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 





Figure 4.37: Water table contour map for plots 3 and 4 on 6/15/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.38: Water table contour map for plots 3 and 4 on 6/17/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.39: Water table contour map for plots 3 and 4 on 6/19/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.40: Water table contour map for plots 3 and 4 on 6/22/15 (10:00). X and Y axes represent 
distance (m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates 




Figure 4.41: Water table contour map for plots 3 and 4 on 6/23/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.42: Water table contour map for plots 3 and 4 on 6/24/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.43: Water table contour map for plots 3 and 4 on 6/29/15. X and Y axes represent distance 
(m), central vertical black line indicates the plot boundary, dotted blue vertical line indicates the 




Figure 4.44: USDA-NRCS Web Soil Survey map of Lake Alice Experimental Site and surrounding 
area.   
